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HYPERVELOCITY BALLISTIC ACCELERATORS
H, F. Swiilt

U.S. Naval Research Laboratory
Washington, D. C,

INTRODUCTION

During the past seven years, there has developed an increasing eed for
laboratory facilities cajable of accelerating a variety of model configurations to
hypervelocities, In response to this need, a wide range of model-acceleration
techniques has been developed to the point where many hypervelocity phenomena
now can he studied directly in the laboratory. The results of the papers presented
in this section will show that the capabilities of hypervelocity ballistic facilities
are advancing at an ever-increasing rate, widening the range of phenomena
directly reproducible under laboruatory conditions, and reducing the range of
extrapolation nceded to study presently unattainable ones.

There are at present four fields of research using data obtained with
hypervelocity accelerators. Aerodynamic ballistic facilities that study problems
concerned with drag and stabitity of high-speed vchicles, such as missiles and
space ships, under conditions encountered during re-entry into the earth's atmos-
phere are in operaiion. Ideally they require accurate scale models of vehicles
filted with instrumentaticn and telemetry equipment that can be launched at full
vehicle re-entry velocities. In terms of acceleration performance, large-bore
guns (2 inches or greater) are needed that can fire models to velocities of 7, 75
km/scc with peak accelerations below 250, 000 g's, At prescent, large instrumented
models can be successfully launched to 4, 6 km/sec, and similar inert ones to 6,7
km/sec.

Acrophysics studies are being carried out to evaluate the ablation rate of
high-speed objects re-entering the atmospliere and to determine the characteristics
of their wakes., For these studies relatively small homogeneous models of simple
geometric form will suffice for the present investigations. The immediate interest
is in satellite and missile re-entry velocrtics, but preparations are being made to
study re-cutry of deep-space probes and mcteroids that can enter the atmosphere
al speeds up to 72 km/scece. At present combinations of gas gun, explosive, and
special acer ierator techniques are capable of firing a variety of models at velocities
up to 7.5 km/sce and a limited number of model shapes and materials to 21 km/sec.

The results of tmipact experiments at hypervelocities are being applied to
three arcas of study.  Most interest at present is in the evaluation of techniques
to destroy ballistic missiles by fragment attack. Present requirements for these
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pressure immediately behind it below the value within the chamber at the same
instant of time. A velocity is finally reached a: which the pressure at the rear
of the projectile drops to zero, ending its acc2leration. Thus, a limit of maxi-
muin projectile veiocity exists for a powdcr gurn,

To understand the nature of this reduction of pressure with increased
projectile velocity, a simple gas-dynamic argumcnt can be used. As the gas in
the high-pressure reservoir of a gun flows down the launch tube after a moving
projectile, :t must expend a fraction of the encrgy stored in it in the form of
pressure and temperature to accelerate its own mass up to the projectile's
instantaneous velocity. Since the stored energy per unit volume in the gas is
proportional to its mass per unit volume, the percentage ioss is stored enargy
during its acceleration to a particular velocity is independent of its original
density. The removal of this stored energy reduces its pressure, so that the
pressure imme:diately behind the projectile falls below that in the reservoir. A
projectile maximum vclocity is eventually rcached at which the gas must expend
all of its energy accelerating itself, and its pressure drops to zero. This veloc-
ity represents the maximum expansion velocity of the driver gas, or its "efflux"
velocity, For the ideal-gas case:

a = ',' 2 ag ! a = efflux velocity
7 -1 ! ag reservoir sound speed
or ! ¥4 = ratioof specific heats
! R = universal gas constant
a = ‘/ 2 R V/:i ! T = gas temperature
Yy -1 M ! M = gas molecular-wt
Table 1
Gas Temp. ag Experimental Gun Type
(OK) Gun
(km/sec) Max. Vel, (km/sec)
powd, 3,000° 3. 46 3.1 Mann
He 5, 000 7.20 6.7 Small piston
lie 12.0C9 11.2
115 3,000 9.3 8.8 Small piston
Hy 12,000 19.6

Efflux Velocity for Various Gas-Gun Reservoir Conditions are Shown in Table 1.

It must bc emphasized that the efflux velocity limitation on peak gun perform-
ance can be appiroached only when sufficient gas pressure and launch-tube length
are available to accelerate the projectile to such velocities that cfflux cffect is
dominant,

The only way to increase gas efflux velocity over a wide rangc, and hence
waximum gun performance, is to increase T'/m., This can be accomplished
either by increasing the driver-gas temperature or dccreasing the molecular
weight.
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studies are for models of simple geometric forms made from materials with a
wide range of densities, weighing from 2 to 500 grams. Peak velocities of 9
km/sec are satisfactory for the present, but projected future requirements will
be for similar models at considerably higher velocities. Presently available
techniques cover the entire veloeity region of interest, but the higher velocity
areas are limited to low-mass models made from low-density materials. Gas-
gun facilities are presently under construction that are designed to provide full
coverage of present antimissile-system evaluation requirements.

Another impact-study program eoncerns the effect of both large and micro-
meleroid impacts into space-probing vehicles. Ior these studies, projectiles of
fairly low densities, with niasses between 10712 grams and 10 grams are required,
with peak speeds up to 85 km/see. At present no techniques exist that can reach
the upper regions of the veloeity requirements, but gas guns, explosives, and
special techniques udre capable of covering the mass spectrum up to one gram at
velocities up to 20 km/sec.

A field that has benefited from all phases of impact experimentation is
solid-state physics., Hypervelocity impacts are capable of producing higher pres-
sures within a target than those attainable by any other techniques.

Generally, the accelerator development efforts of the past several years
have developed capability for studying at least a limited range of all hypervelocity
phenomena under realistic conditions, but sigi ficant benefits will be achieved in
each area of interest as capabilily is increased in the future. Hypervelocity bal-
listie aceelerator development has generally progressed along two main lines of
approach: light-gas-gun develepment and explosive-charge development. A
series of technmques has also been developed for specialized acceleration tasks
that are of importance to the general technology.

LIGHT-GAS GUNS

Gun systems powered by reservoirs of low-molecular-weight gas at high
temperature and high pressure have found wide use as model projectors in hyper-
velocity range facilities throughout the country. Presently existing units are
capable of firing projectiles weighing 0.1 gram to 10 km/sec and 900 grams to
3.6 km/sec. The basic limitations on the performance of gas-powered ballistic
accelerators have been the subject of intense study in recent years., Results of
these studies have provided the informution required for the design of present
nigh-performance guns.

The nature of gun-velocity limitations can best be understood for the case
of the simple powder gun. The firing sequence of a powder gun begins with ignition
of the solid propellant in a scaled chamber at one end of a launch tube. The gro-
pellant is rapidly consumed, liberating a volume of nigh-temperature and high-
pressure gas that exerts an even pressure on the walls of the chamber, one of
which is the rear surface of the projectile. Since the projectile is relatively free
to move, it accelerates, and 2s long as the projectile velocily remains low, the
pressure on its rear surface remains the same as that on the rest of the chamber.
As the projectile veloc.iy increases, however, a pressure gradient is observed
to develop between the stationary chamber and the projectile that reduces the

3




BALLISTIC ACCELERATORS

ilelium and Steam Gun

The most direct approach to increasing the efflux velocity of the driver-gas
in a gun is to devise a propellant that will yield as low-molecular-weight gas as
possible at as high a temperature as possible when burned. A widely used high-
efflux-velocity propellant is a gaseous mixture of helium with a stoichiometric
mixture ratio of hydrogen and oxygen. Upon ignition, the hydrogen and oxygen
react, yielding steamn with a molecular weight of 18 and a large amount of heat,
Thermal equilibrium is rapidiy established between the steam and helium, thus
generating a high-temperaturc gas mixture with a mean molecular weight between
that of helium and steam. Such a gun is shown in Figure 1. After gas reaction,
the reservoir pressure is sufficient to rupture the diaphragm, and the helium-
steam mixture accelerates the projectile down the launch tube. The helium
added to the hydrogen and oxygen serves the double purpose of preventing detona-
tion during the steam formation and reducing the mean molecular weight of the
heated gas mixture. There is an optimum ratio of helium to steam at approxi-
mately 20 percent steam by molecular concentration for maximum efflux velocity,
An optimum ratio occurs, because addition of steam increases gas temperature
and molecular weight at different rates,

PRESSURE

RESERVOIR / DIAPHRAGM
LAUNCH TUBE

Y

PROJECTILE
(a) SINGLE STAGE

RESERVOIR 2

RESERVOIR {

LAUNCH TUBE

Ho, Oz, He Ho, O2, He / Q

DIAPHRAGM
DIAPHRAGM 2

(b) DOUBLE STAGE

PISTONLESS LIGHT GAS GUNS
Figure 1

4
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Since the energy released from steam formation must be used to heat
more gas than it generates, energy densities are restrieted to values below those
common for powder propellants, This limitation on energy density limits peak
pressures in turn, so that single-stage helium-steam guns must operate at rela-
tively low peak acceleration, For this reason, they have found their prineiple
application in the acceleration of large, relatively delicate models to the low
hypervelocity region.

Somewhat higher velocities have beenr achieved with Hy, Oy, He guns by
increasing the energy density of the driver-gas mixture through shock compression.
A typical gun design of this type is shown in Figure 1. Here, two reservoirs
charged with hydrogen, oxygen, and helium are connected end to end. The front
reservoir is ignited, thicreby increasing its temperature and pressure to near the
rupture level of diaphragm 2. The rear reservoir (at higher initial density) is
then ignited, rupturing diaphragm 1 and driving a strong shock wave through the
front reservoir. This shock wave heats the gas in the front reservoir and ruptures
diaphragm 2, allowing projectile acceleration to begin, The high-density gas from
the rear reservoir .iows rapidly into the front one during the early stages of pro-
jectile acceleration, thereby compressing the driver-gas and further increasing
the temperature and pressure of the driver-gas mixture. Double-stage helium,
steam guns are generally smaller than single-stage ones, since they are more
comiplicated, and peak gas pressures can be made higher., They have been used
to accelerate smaller, less delicate models to somewhat higher velocities at
higher acceleration levels than is possible with single-stage guns. Double-stage
helium, steam guns are no longer in general use, because another technique for

generating reservoirs of very high efflux-velocity gas has proved itself considerably
more effective,

Piston-Compression Light-Gas Guns

Piston-powered light-gas guns utilize the rapid compression of a volume
of low-molecular-weight gas to produce a reservoir of high efflux-velocity gas at
high pressure for projectile acceleration. An initial volume of gas at relatively
low density is held in « heavy-walled smooth tube scaled at one end by a movable
piston and at the otner by a quick-opemng valve arrangement. Beyond the valve
is a projectile mounted in a launch tube. Figure 2 shows the operation of one type
of piston-powered gus gun (expendable-central-brecech model). Firing is initiated
by igniting the propeliant, wnich accelerates the piston violently down the tube,
compressing the  ~ht g- and 1increasing its temperature and pressure. As a
critical value of pressure is reached, the quick-cpcning valve mechanism opens,
and projectile acceleration begins, Depending on uie inode of operation teing
utiiized, the piston will either be stopped by the high gas pressure ahead of it at
the time of projectile release or continue compression until it is later stopped
either by higher gas pressure or impact into the transition section (each of these
possibilities will be discussed in detail),

In all types of piston-compression gas guns, there need be no tradeoff
bewween temperature and molecular weight, as was the case in the helium-steam
guns. so that the driver-gas molecular weights ean be kept to 2 minimum, Also
the maximum energy density mn the gas is limited only by the struetural strength
of the containing hardware, so that very high reservoir pressures and temperatures

5
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SCHEMATIC DIAGRAM OF LIGHT-GAS GUN OPERATION
Figure 2

car be achieved., These two effects combine to permit very high driver-gas
efflux velocities to be developed.  Since pressures can become very large, rela-
tively short launch tubes ure required to accelerate projectiles to near driver-gas
efflux velocity. Guns utilizing compression pistons presently are capable of
achieving higher projectile velocities than any other type of gun for projectiles
welphing less than 500 grams.  Pistonless guns are used most effectively at present
for large size low-density projectiies.  Relatively high driver-gas pressures are
used in the piston type guns and as a consequence projectile acceleration levels are
generally higher than pistonless guns; the smaller and more compact projectiles

are more capable of withstanding the high acceleration forces of the piston type guns,
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Modes of Operation

Let us now consider in some detail the operations of gas guns. Since the
piston rapidly compresses the driver-gas, the process can be considered, to a
first approximation, adiabatic, so that the temperatures and pressures are gov-
erned by the following relationship for the ideal gas case:

P = P,f Vo v P = instantaneocus gas pressure
\Y Py = initial gas pressure
T = instantaneous gas itcimperature
T = TofVo)?! Ty = initial gas temperature

V instantaneous gas volume
o= Initial gas volume

= ratio of specific heats

R <<
]

Thus, halving the volume of a perfect monatomic driver-gas during a piston com-
pression stroke increases its pressure by a factor of 3. 17 and its temnperature
by a factor of 1,59, Since the temperature increases more slowly than the pres-
sure, extreme compression ratios are required to develop the high gas tempera-
tures needed for high efflux velocities, For this reason, many high-performance
piston-compressed-gas guns have very long compression tubes,

The requirement for large gas-compression ratios can be greatly reduced
through the use of supplementary gas-heating techniques, The most widely used
method to date consists of firing the piston into the driver-gas at speeds exceed-
ing the local speed of sound in the gas, thereby generating a shock wave near the
face of the piston that leaves it as its velocity becomes subsonic (due both to its
deceleration and the increased sound speed in the driver-gas with compression).
The shock wave will propagate in the compression tubg, reflecting several times
between the transition section and the piston during compression, heating the gas
with each transit, Thus, by use of piston-shock heating, high driver-gas tempera-
ture can be achieved with relatively short guns, ©o.

Several alternative means of increasing driver-gas temperature exist,
Various chemically active gas mixtures like the H,0,He mixture used in piston-
less guns have been considered in detall for use in piston guns, but none have pro-
vided spectacular results thus far. Another group of techniques which seem quite
promising rely on preheating the driver-gas before firing to increase peak gas
temperatures, The adiabatic temperature relationship T = TO(VO/V)7 -1 shows
that doubling the initial temperature will double all subsequent ones. Thus, heat-
ing a reservoir of a gas gun to 327°C prior to firing will double its peak gas tem-
peratures and increase its driver-gas efflux velocity by a factor of 1. 4%*,

The operation of piston-compression gas guns is also affected by the motion
of the piston after projectile release, In the originallight-gas gun developed at the
New Mexico Institute of Mining and Technology, efforts were made to umpart enough
kinetic =2nergy ‘¢ the piston so that it can compress the driver-gas to the exactpro-
jectile release pressure. The piston was then accelerated back down the compression

&

% See paper on "Summary of NRL llvpervelocity Accelerator Development for
Comprehensive Review of Such Techniques. "
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tube as the projectile was launched. It was later found possible to increase the
driver-gas peak temperature and pressure substantially by providing the piston
with sufiicient energy to continue compression after projectile release and be
stopped by the increased gas pressure later in the cycle. Still higher driver-
gas temperatures and pressures are available if the compression piston has
enough energy to empty the gas reservoir conipletely at high speed and impact
into the transition section, All present high-performance light-gas guns are
operated in one of the latter two modes,

Piston-Gas-Gun Classiiication

During the past several years, such a large number of piston gas guns
have been built and successfully operated that it is virtually impossible to catalog
them in a report of this scope. Upon examnation, however, all are found to be
made up of combinations of a relatively small number of piston driver devices
and transition sections between the compression and launch tubes. Each of these

will be discussed in turn,  Examples of most combinations are feasible and have
been constructed.

The simplest piston driver is shown in I'igure 3A, A case of solid pro-
pellani is ignited, and the resultant gas drives the piston cown the compression
tube just as in a standard gun, This type of driver has found particularly wide
use, since :t can be simply modified from standard guns. Piston velocities up
to 2.3 km/sec can be aitained with powder guns, so that both subsonic and low
supersonic piston firings into helium or hydrogen are possible.

The second driver (Figure 3B) is a one-stage pistonless gun of the type
described above, Such drivers can readily achieve 3. 6 km piston velocities
and have the advantages of clean operation {steam and helium are the only re-
action products).

A modification of the helium-steam driver is shown in Figure 3C. Here
pure helium is heated by a shock wave generated by the fast-burning powder, and
is compressed by the advancing powder gas front, This driver Las performance
comparable with powder-gun drivers, but peak pressures are considerably lower,
so that lighter construction is possible. Powder-helium drivers are mainly usc
with larger gas guns at present.

3

a

i'igure 3D shows the busic scheme of a three-stage piston-compression
gas gun. Here the projectile from the first gun serves as a piston for the second.
Piston velocities up to 5 km/sec have bewn reached, so that extreme driver-gas
shock heating can be accomplished, Guns of this form were among the first to
develop projectile velocities as high as typical ICBM and satellite velocities, but
their complicated nature has prevented their large-scale use,

Three basic transition scetions in general use today are shown in IPigure 4.
I'igure 4A shows the expendable central-breech assembly, consisting of an inde-
pendent section containing the transition that conneets the compression tube to the
launch tubes,  This section is used wrth a gun in which the piston receives sufficient
kinetic energy to complete the compression stroke at high speed and deform itself
into the conical taper. In this way pressures above 108 psi have been achieved and
used to accelerate projectiles to above 8.2 km/sec. The expendable section is
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deformed with each shot because cf high driver-gas pressure and pistion impact,
so it must be discarded.

Figure 4B shows a similar section with an aerodynamic throat transition
that provides a minimum resistance to gas passage. It is more efficient than the
simple eonical section of the expenduable central-breech configuration, but it is
limited in peak gas pressure (and hence temperature) by the requirement that no
large deformation occurs, since the unit is not expendable, Successful gun opera-
tion using minimum-resistance throats at pressures up to 350 k psi has been
carried out, however; guns using this type of transition are among those with the
best performance of those presently in operation.

Figure 4C shows the acceleruted-breech-iransition concept that was first
utilized at the Ames Reseuarch Center during the fall of 1960, This transition is
used with a piston of low mechanical strength that completes the compression
stroke by extruding itself into the very low-angle conica] transition. In this way
ail of the chamber volume is dispiaced at high speed, and peak precsure is maint -
tained on the base of the projectile for a relatively long time. When peak gas
pressures are limited to 350 k psi, and if the piston is made from a very soft
material (polyethylene), nonexpendable transition section designs become feasible.
Guns utilizing this design have successfully launched 0. 22-inch-diameter, 0. 1-
gram plastic pellets at 10 km/sec and 1/8-inch-diamrter saboted glass balis at
7.6 km/sec.

Present Gus Guns

Table 2 is a representative list of the high performance gas guns presently
in operation. They have been classified accerding to their piston drivers and
transition sections, as described above. Each gun has a spectrum of maximum
velocities for the various projectile weights it fires. In almost all cases the maxi-
mum velocity achieved, regardless of projectile mass, was reported. This list
generally represents the maximu:n present capability of light gas-gun z2ccelerators,
although some particular mass-velocity records may not be represented. All of
the guns listed are in a developed state and are availuble as research tools

EXPLOSIVE ACCELERATORS

Present explosive-accelerator techniques are capable of firing peliets at
veloceities higher than any other projector techniques. Other characteristics that
are responsible for their widespread use are their relatively low cost, and the
small amount of assembly effort required for many firing configurations,

Since peak accelerations imparted to pellets by explosive accelerators
gencrally are several orders of magnitude higher than those encountered during
gas-gun launches, the sclection of pellet shapes that can be fired at hypervelocities
is severally limited, and in-flight pellet mass must be determined after firing,
since considerable pellet mass :s generally lost during launch. The hlast effects
generated by detonating explosive charges require the use of special firing facilities,
and often semi-expendable range facilities must be used if controlled atmospheric
firings are to be made.
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Explosive Accelerator Operation

Before discussing the operation of particular accelerator configurations
in “etail, let us consider some basic chiracteristics of explosive detonations,
Detonation is set apart from rapid burning or deflagration by the fact that the
chemical reaction propagates through the fuel material along a shock frent instead,
of a thermal one. If a long rod of explosive is detonated at one end, the reaction
cr detonation, front will propagate duwn the rod at a velocity that is controlled
by the dilatational wave velocity in the explosive rod and the pressure differential
across the reaction front, st as in the case of a shock tube. As the front pro-
gresses, the pressure differential will increase (and hence the detonatiou front's
velocity) until a maximum pressure is developed, The front will then continue its
advance through the unconsumed explosive at a constant velocity known as the
"detonation velocity," The detonation velecity and the peak pressure at the detona-
tion front are determined by the chemical composition of the explosive. Present
explosives have detonation velocities ranging from 5 to 8 km/sec and peak pressures
as high as two million atmospheres.

The simplest technique for aceelerating pellets to hypervelocities using
explosives Is shown in Figure 5A. The {lat end charge consists of a cylinder of
explosive with a detenator assembly mounted at one end and a pellet at the other,
The detonator assembly is designed to initiate a detonation front in the explosive
which accelerates to the explosive's detonation velocity before reaching the front
surface. At the front surface, the detonation pressure reacts on the pellet, causing
it to accelerate (peak accelerations above 107 ¢ have been developed)., The final
pellet velocity is dependent upon the explosive detonation velocity and the ratio of
explosive mass per unit area behind the pellet to the mass per unit area of the
pellet (the C/M ratio). Pellet velocity raises approximately linearly with the C/M
ratio at low velocities and asymptotes to a peuk value as the C/M ratio becomes
large. Depending upon the explosive properiics, peak projectile velocities achiev-
able with this technique range up to 4.5 km/sec, Thus far only a few pellet shupes
have been wccelerated intact to these velocities, because the high pressures ex-
perienced during maximum velocity launch deform or shatter most configurations,
Considerable effort has been expended in developing techniques for mounting pellets
on the face of charges to prevent them from shattering during launch, At present,
pellets that can withstand high-velocity launches are limited to thin disks, often
spaced away from the charge by a thin layer of buffering material, and specially
shaped fragments that are thicker in the center than at the edges., Since the C/M
ratio of these pellets is greater near their edges than at their center, a velocity
differential is generated across the pellet surface during launch that results in it
being fuzed into a nearly spherical form, At lower velocities a variety of geometric
shapes have been successfully accelerated by flat end charges. The pellets have
bee:. either partially imbedded into the end of the charge, placed directly on its sur-
face, or speced away from its surface by a buffer layer.

Higher peak pellet velocities have becn achieved by a fundamental modifi-
cation of a flat-end-charge configuration called tite cavity charge (Fig. 5B). The
detonation wave propagates through the explosive as in the previous case, until
it reaches the base of the cavity. Here, a strong shock wave is produced that
propagates forward through the cavity., The detonation front continues forward
through the walls of the now tubular charge at a velocity considerably higher than
that of the shock wave and continuously gencrates another shock wave from the
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inner side wall of tfie cavity that interacts with the original shock wave and pro-
gressively compresses it. As compression continues, the peak pressure of the
original shock wave increases, thus increasing the impulse it can transfer to a
pellet during acceleration. ‘I'hus a conical volume is swept out by the shock wave
generated at the rear surface as it progresses up the cavity (referred to as the
Mach stern).

In a practical cavity charge, the depth-to-diameter ratio of the cavity
behind the pellet is adjusted to form a sufficient reduction in the original shock-
wave area to increase the maximum pellet veloceity considerably without genera-
ting pressures high enough to shatter it. Since the area of the pellet beyond the
stem (near its outer edge) receives relatively little acceleration during launch,
there is a tendency for this type of charge to punch out the center of the pellet
when a high velocity launch is attempted. This effect has been experimentally
observed, Within the past 18 months, several technigues have been developed
to place the entire pellet within the Mach stem and thereby eliminate the central-
punchout tendency.

Other hypervelocity explosive accelerators have been developed that differ
from the two described above in that the accelerated pellet is generated during
launch. ‘These are the liner charges. Since the pellets accelerated by these
charges are not at hand before firing, the charge designer has only indirect con-
trol over their in-flight mass and shape., For many ballistic applications this
disadvantage is more than compensated by the fact that these charge configurations
are capable of accelerating pellets to maximum velocities above 20 kin/sec.

When the conical liner charge (Fig. 5C) is initiated, a detonation wave
propagates forward through the explosive, As it progresses, it collapses the
liner material onto the churge azis., A visualization of the progressive collapse
of the liner will show that the point of total liner collapse (the point where the
material from the inside surface of the liner has just reached the charge axis)
will initially meve forward at the velocity of the detonation wave in the explosive,
but will rapidly decelerate as liner collapse continues because of the progressively
longer distances mdividual liner segment must wravel before reaching the charge
axis,

If the forward vetocity of the liner collapse point is less than the dilatational
wave velocity in the liner material, the hydrodynamic theory of metal forming
predicts that the liner material divides along a surface contained within the original
liner shell, The metal within this surface torms a jet that moves forward at twice
the liner collapse point velocity, while the remainder of the liner material forms
a rod (slug) which follows the jet.at low velocity, The jet continues o be formed
until the charge and liner are consumed at which point it severs itself from the
slug and travels down its trajectory,

Since the liner collapse point velocity and hence the instantaneous jet veloc-
ity steadily reduces during the jet launch, a velocity gradient is generated along
the jet. This gradient will cause the jet to first stretch and then progressively
break up until the velocity gradient ‘across the individual fragments is reduced to
the point where the iniernal strength of the material can hold them together, The
resulting train of pellets is highly advantageous from a weaponry standpoint but
makes this type of charge difficult to use for exterior and terminal ballistic studies.

13
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Table 2; Present High Perfcrmence Light-Gas Guns
Dimensions Projectile
Type Gun Piston Trensition Comp launch Mass Mex Installation| Remarks
Driver Section Tube Tube (grams) | veloctity
- {km/sec)
Adiabatic |Fowder Accelerated | W0 mm dia | .22 cal — 0.1 10 NASA [Ames Subsonic
Compressiorn chamber 1€6 cal 218 cal Aero. lab) piston. (High
design (22 ft) (4 re) Proj. Acceler-
ation).
Const, Vol.|2% cc arc Aerodynamic .22 cal 0.1 5.8 AVCO Res.
Electric heated throat 13€ cal lab.
chamber 2.5 rt
Piston Gas |Powder Expendable | LO mm 22 cal 0.2 8.24 USNRL Either super-
tapered 80 cal 109 cal sonic or sub-
throat (10.5 ft) | (2 rt) sonic piston.
{very high
proj. accel-
eration.
Piston Steam Aerodynamic { L0 mm dia | ,50 cal 1 8.85 AEDC Sapersonic
Shock heated throat 77 cal 200 cal (Tullahoma) piston. High
He (10.5 rt) '(8.33 rt) proj. accel-
2-3/4" dia. eration.
Piston Gars |Powder Expendable | L0 mm £0 cal 4 6.1 USNRL Either super-
tapered TT cal 1100 cal sonic or suo-
throat (10.5 ) | (5 rv) sonic piston.
I Very high
Acceleration
Piston Powder Aerocdynamic | 2,25" dis.. 20 mn 4,2 7.8 NASA (Ames Supevsonic
Shock heated throat 64 cal 1250 cal Aero.lab) piston (high
He-4.25"dia. (12 ft) (16 rt) proj. accel.)
Shock Powder Aerodynamic | 5 in. 2 in. 60 6.7 USROL Supersonic
Compres- heated throat 72 cal 197 cal piston. Med.
siun He (X re) {33 ) proj. accel.
10" dia. |
Double L" dia Aerodynamic |2 in. | 20 mm 3.5 4.6 USNOL This gun 18
Stage 75 cal throat 78 cal 200 cal no longer in
Steam (") (13 fe) (13 e} use. Lov Pro}.
acceleration.
Single Aerodynamic | 10 in.dia.| b4 in. 500 4.0 USROL Low Proj.
stage throat 8.4 cal 180 cal 900 3.35 acceleration
Steam (Te) | (60 1t)

14
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A technique p: :sently in use al the Aerojet General Corpcration, Downey,
California, largely climinates this ‘ifficulty by detonating the conical liner charge
off center, The resulting nunsymmetrical detonation front causes a skewed collapse
of the liner resulting in the various jet segments traveling in slightly different
directions. In this way, the craters from the various jel fragments can be separated
on a target for individual study.

A different phenomenon occurs when the liner collapse point velocity exceeds
the dilatational wave velocity in the liner materiai. It is experimentally observed
that no jet is formed, but that a cloud of hypervelocity particles varying in size up
to several metatlic grain volumes is fired along the charge axis. The mechanism
responsibie for the production of this particle cloud is not yet fully understood, but
charges of this form are being used extensively for studies of micrometeroid im-
pacts. (See BRI. paper presented in this session,)

A more complete discussion of liner explosive charges is presented in a
classified addendum to this paper.

Another group of accelerators are essentially explosively powered gas guns.
One configuration developed at BRL consists of a thin-walled chamber containing
hydrogen gas that is surrounded by an explosive charge. The chamber is connected
to a launch tube with a projectile mounted at its base. Upon detonation of the explo-
sive, the chamber walls are collapsed, thereby compressing the hydrogen gas and
shock heating it. The high temperature and pressure driver-gas then expands down
the launch tube accelerating the projectile. Such guns have accelerated gram mass
low density projectiles to peak velocities of 6, ¢ km/sec, but appear to be limited
in maximum performance by high acceleration levels, and limited launch tube
lengths. If the launch tube is made too long, a strong compression wave that is

generated in the barrel during the explosive detonation will overtake the projectile
and shatter it.

A similar gun has been developed at the General Electric Company (MSVD),
In this gun, the explosive charge is used to supply both the motivating power and
the driver-gas. A thick-walled lead cap is partially filled with explosive, and
seuled at the open end with a launch tube and projectile. Upon detonation, the ex-
plesive charge shock heats and compresses the air in the remainder of the cavity
which Initiates projectile motion. rhe advancing explosive gas front continues com-
pression during the remainder of the projectile acceleration. Such guns have
achieved similar projectile velocities to the hydrogen=explosive guns, and have
similar limitations,

Both of these configurations are totally expendable due to the blast effects
of their explosive charges, but they are inherently very inexpensive. Therefore,
they have found wide use for gathering ballistic data.

Present High-PPerformance Explosive Accelerators

Table 3 shows a representative list of the explosive accelerators that
together represent the maximum performance that has been achieved to date with
explosive techniques. All the macroparticle explosive accelerators described in
this prescntation can be enlarged to accelerate higher mass pellets with a min-
mum of engineering difficulty. Therefore, the maximum masses of macropellets
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presented in Table 3 represent the peak values that.have been accelerated to
date, but they do not represent maximum capability,

SPECIAL ACCELERATOR TECHNIQUES

The majority of ballistic research is being carried out at this time with
the various gas-gun and explosive ballistic uccelerators described above. How-
ever, there are a number of other accelerator techniques that have been developed
which are especially useful for a series ol specialized ballistic applications.

Electrostatic Acceleator

A technique shown schematically in IMigure 6 has been developed at STL
where individual or small numbers of very lightweight particles are charged to a
high positive potential and injected into an electrostatic field (with potential dif-
ferences up to 2 x 108 vols). They are accelerated by the field and cllowed to
impact into a target. IFor reasons to be discussed in the STL paper presented in
this session, the technique is limited to very light particles, but velocities above
20 km/sec are pussible. Since single particles whose composition, mass, and
velocity are measured can be identified, this technique is highly useful for precise
studies of micrometeoroid impact effucts,

Drag Accelerator

Another electrically powered bullistic accelerator useful for micrometeoroid
studies has been designed by North American Aviation, Inc. (Fig. 6). In this case,
a thick wire of low-molecuiar-weight metal (lithium) is vaporized by the discharge
of 4 capacitor bank through it. The rapidly generated vapor is electrically pulse-
heated to temperatures above 12, 000°K and allowed to expand into an aerodynamic
throat, where 1t encounters several suspended particles, I the density of the
particle material Is near that of the expanding gas, the particles can be accelerated
to near the gas-flow velocity 1n very short distances. Using this technique, NAA
personnel huve accelerated single 0. 1-mm diameter glass spheres 1o peak veloc-
ities of 9.5 km/sec.

Constant-Chamber-Votltume Electric Gun

The constant-chamber-volume electric gun system (Fig, 7) consists of a
chamber filled with low-molecular-weight gas thut is pulse heated to peak tempera-
tures above 12,000°K by & capuacitor-bank-powered arc discharge. The high-
temperature and high-pressure gas then accelerates a projectile down a launch
tube, @s 1n the case of u gas gun. Although the potential vetocity capability of such
guns is very high, peak velocities with 0. I-gram und 0. 2-gram 0, 22-inch-diameter
pellets have been limited to 5.8 km/sec, The practical problems associated with
this type of gun will be discussed in the NRL paper presented in this session.

Secondary Particle Accelerator
It has been noticed that a spray of fine particles is ejected parallel to a

target when 1t is struck by a projectile (FFig. 7). Partial theories of thei:r formation
have indicated that peak velocities of the smallest of these could achieve two times
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the primary projectile velocity., Thus, if a 20-km/sec jet pellet is used for the
primary projectile, 40-km/secc sccondary particles mighi result, Thus far, work
has progressed on this technique only to the point at which the existence of such
particles has been verified, The experimental difficulties associated with using
them will be great, however, becuuse their number per primary impact is large,
and their velocity distribution is great, Should 40-km/sec velocities be realized,
however, they will be of great utility for micrometeoroidal studies,

Plasma Plate Accelerator

A technique (KFig. 7) has been developed at the Pulse Power Laboratory
(AFSWC) for clecirically accelerating thin plastic sheets Lo peak velocities of
5.5 km/sec using the hcated vapor of a piece of electrically exploded aluminum
foil, The acceleration is sufficiently even to prevent significant tipping of the
plastic sheet over short distances of its travel. Also, twotal energy transfer effi-
ciencies between the electrical energy stored in a capacitor bank and the kinetic
energy of the plastic can approach 50 percent. Thus the possibility exisis of using
such techniques for accelerating large distributed mass fragments,

CONCLUSIONS

In the course of this presentation, each of the major types of acceleration
has been discussed. In generual, present gas guns can fire large instrumented
models to 4. 6 km/sec, homogeneous models with a variety of shapes 1o 7.5 km/sec,
and small plastic cylinders to 10 kin/sec., Gas guns are most useful when accurate
control of model flight parameters such as dimensions, weight, velocity, eic,, is
required und relatively slow firing rates can be tolerated,

Explosive uccelerators ure of limited usefulness where precise model
parameter control and measurement are needed, but they are comparatively in-
expensive to purchase and require reiatively low-cost firing facilitics. They
can be used to acquire large amounts of data at a rapid rate, thereby making
statistical treatment of ballistic data feasible,  Since explosive-accelerator sizes
can be scaled, projectile mass and size can be conventiently varied over a wide
ranpe. Al present, explosives provide tiic only techniques for acceleration of
macroprojectiles above 10 km/sec,

Several other ballistic acceelerator techniques have been developed for
speciulized rescurch tasks, They have been particularly successful in launching
simulated micrometeroids for individual impact studies.
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SUMMARY OF NRL HYPERVELOCITY ACCELERATOR DEVELOPMENT
C. D. Porter, H. F, Swift, and R. H, Fuller

Naval Research Laboratory
Washington, D. C.

INTRODUCTION

The U.S. Naval Research Laboratory is engaged 1n a continuing effort to
develep high-performance gas-powered accelerators for ballistic research studies.
Present NRL light-gas guns are capable of accelerating saboted projectiles with
an in-gun weight of 4 to 5 grams to 6 km/sec (shear-type projectiles having a mass
of 0.2 gram have been accelerated to 8.5 km/sec). Continuedresearch is necessary
in order to produce velocities in excess of 6 km/sec with sufficiently low pressure
and acceleration to avoid breakup of fragile saboted packages. Hypervelocity

saboting has required a complementary program in the development of small quick-
opening valves.

Larger guns with improved designs are currently under development for
substantially increasing the mass and velocity capabilities over that of previous
guns. One of the most serious limitations on gun performance has been low driver-
gas temperature, Substantial progress has been made toward developing techniques
for raising this temperature by adding electrical energy to the driver-gas. To
speed this progress, a program utilizing the NRI.-Narec high-speed digital com-
puter has been formulated, und computations have been carried out to predict re-
sults for a wide variely of gun parameters with about 95-percent accuracy.

COMPUTLER STUDY

Figure 1 is a drawing of the NRL light-gas gun, with symbols and defini-
tions used in the theoretical analysis of the gun. The theoretical treatment of gun
operation is conducted by numerical solution of the basic equations of motion of
the pistonand projectile under assumed equilibrium conditions of the driver-gas
(Fig. 2). Real gas is simulated with the use of Van Der Waals' equations of state
and of adiabatic volume change. Terms are included to account for the blackbody
radiation from the driver-gas to the bore enclosure, the reduced pressure at the
projectile base caused by Mach-number effects of the fast-mioving projectile, and
the reduced acceleration caused by bore friction. This form contains M;. M,,
Ay, and Ag, all of which apply only to one specific size of gun. If in the basic
equation substitution is made of the generalized parameters shown in Figure 3,

a general dimensionless form will be obtained. The resuits will depend only on
the parameters used and will be valid for any size gun,
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Figure |}
Specific Gun Parameters and Conditions

Projectile mass

Diameter of launch tube

Launch tube area (cross section)

Launch tube length

Velority of projectile

Projectile distance from start

Piston mass

Diameter of Compression Tube

Compression tube area (cross section)
Compression tube length (efiective piston travel)

Velocity of piston fired in vacuum
(from open ended compression tube, free flight)

Driver gas pressure (function of r)
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(acceleration of gravity)
Driver Gas Temperature (function of r)

Driver gas Temperature Characteristics at Projectile Base
Established at maximum temperature (subject to radiation losses)

Piston velocity
Effective piston distarce from boundary of travel
Time {rom projectile start

Driver Gas Constants
Universal Gas constant/molecular wt.
C, C,: ratio of specific heats
Specific heat at constant volume
Van der Waals constant of interaction (dimensionless form)

Vun der waals constant of molecular volume (dimensionless form)

Initial Conditions
Initial temperature of compression and launch tube
Initial average tcmperature of driver gas at start of compression

Initial loading pressure of driver gas
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Figure 2
Bssic Equations to be Solved
k refers to k'th step \
Iterative Form ]

j relers to preceeding llepi
N - . Equstion relsting piston Newtonisn
2 (u‘ u‘) ‘F, = A (‘P“ SR (P Pll)\ (1) { dynemic forcas to pressure on the faces
R At 2 2 2 / P. = Propellant gss pressure

P,.F’ = Respective average friction force

OO (v/r1) ii launch and compression tubes
* [} ot = At = At
M, /jw, - v P, P i
1 [} [ i} 7-1 2
_l-( Bt ) +F, = A ( 2 ) 1= R T Equetion relating projectile Newtonian
H_bl (2) { dmnemic forces to driver gas pressure
n with & Hach Number, T, correction
) -1
T =7 M Y 3 {!qu-tion relating tempersture to
Q ) (Ay X YA Y CbY sdisbatic volume chenge

. Equation relating tempersture loss in
(S‘ Sl) driver gas to black-body heat loss to walls
i 2 Tt T . (4) { My = Mass of driver gas
* My € 2 MR S = Surface enclosing the driver gas
v = Body rediation per unlit of surface

AT,

4

Tk =Ty = AT, (€3] {Driver g8s tewperasture correction

Van der Waals Equstion of State for
Driver Gas (dimensionless coefficient form)

R 2 T, = Std. Vun der Waal temperature-
P = T ¥ °Q Yo (6) M 0° centigrade
G (A, X * A } O I bl V° 1 A, x ¢ Al Y P. = Std. Atsospheric pressure
i Py
Y A, L, ™
° f Bt | T' d
N1.23
P.>PpP L ) [ Toustion relating propellant gas pressure,
L "\l - 5 1 P.. to free-firing wuzzle pressure, P,

Figure 4 is a typical generalized output of one of these runs, showing
respectively the line number, the dimensionless piston position (X), the piston
velocity (u), the light-gas pressure (P), the scaled uime (tau), the light-gas tem-
perature (T), the dimensionless projectile position (Y), and the projectile veloc-
ity (W). These outputs are all in decimal floating-point format, Figure 5 shows
the independent variable, tau, and the time-dependent curves of the other pro-
gram outputs for helium driver-gas under the list of conditions shown in the fig-
ure. On the left side 1s shown the projectile velocity W, which reaches almost
17,000 ft/sec, or 5.1 km/see, the driver-gas pressure, and the driver-gas tem-
perature. At the right of the figure the piston veiocity (u), the dimensionless
piston position (X), and the dimensionless projectile position (Y) are shown.
This may be compared with Figure 6, which shows the same set of conditions of
piston energy and piston weight for hydrogen at an initial temperature of 300° K.
It is noted that the hydrogen reaches a considerably higher maximum driver-gas
pressure, but for a shorter time.  The projectile velocity is about 10 percent
higher. Figure 7 is presented to show how an elevated initial temperatare
(1200° K) with helium gas raises the maximum projectile velocity to 24, 200
ft/sec (7.4 km/sce), compared with 5.1 kim/sec attained at 300° K. This value
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Figure 3
GENERALIZED GUN PARAMETERS (Definitions)

E M, U%/?g( 02)3 Piston energy per cube of compression tube diameter
b M,/(D,)3 Piston mass per cube of compression tube diameter
c Shot start pressure

e L,/A,172 Dimensionless compression tube length

f A, /A, Chamberage Area ratio

h Ly/A 172 Dimensionless launch tube length

) M,/ (D)3 Projectile mass per cube of launch tube diamter
f, F /A, Average launch tube friction per cross sectional area
f, Fy A, Average compression tube friction per cross sectional area

GENERALIZED OUTPUTS

X x ‘L, Dimensionless piston position

Y y/L, Dimensionless projectile position

T t/L, Scaled time

is only slightly below the velocity of 7.5 km/see attained with hydrogen initially
at 12009 K. At higher initial driver-gas temperatures, helium outperformed
hydrogen, at a muclh lower maximum pressure,  Ilfor this reason much of the
latter theoretical work was carried on with helium as the driver pas,

ISOMETRIC PARAMETLER STUDY

Over 400 Narec runs were made, and the envelopes of maximum veloc-
ity are presented in isometrice form.  Values for Figure 8 were computed with
an E value of 7,202 joules per cubic centimeter (1), a piston weight param-
cter b of 7.5 grams per cubic centimeter, a shot-start pressure of 9, 500 at-
mospheres, and a loading pressore of 18, 6 atmospheres.  The surface is gener-
ated by a series of characteristic velocity-temperature curves, each represent-
ing a successively lighter projectile where the j value decreases from j, to
one-cighth of j,. All the generating curves plunge steeply to zero at absolute
09 because of an nfinite Mach number at this temperature. It is very difficult
to read values where the top of the surface is obscured as the curves start
their steep descent,

TEMPERATURE-MASS STUDY

In Figure 9 the axial direction of the temperature variation was reversed
to give u more readable picture of the surface in a left-hand-axis presentation,
All lines under the velocity surface are dotted.  The upper tip of the surface, as
outhined by thin-line projections of the grid lines on the velocity surface, shows
veloceities above 12,19 km/sce (heavy contour line) between the temperatures of

2,778V and 2,222Y K and between the j values of a quarter and one-cighth of j,,,
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rigure 4
NAREC OUTPUT
Nlll‘:dNBEER i, Y tony Pioaty 1, Toen, y/L,

0000 +92034 +30 +88344 +03 95728 +03 91831 -04 +37120 +03 .0
0001 +45888 +00  +28907 04 +31801 «08 +30281 -03 +92081 <03 0
0002 23472 +00 +J1164 <04 +10365 <07 +37862 -03 + 14844 04 -0
0003 ¢18311  +00 +3G188 04  +23795 407 +40282 -03 20301 <04 <0
0004 +10181 +00  +29948 <04 +«35033 07 «41973 -03 -28813 <04 0
0005 +77981 =01 +28757 <04 +10084 «08 +42789 =03 +38396 <04 75149
0008 +77884 -01 +26739 +04 «10176 «08 +42798 -03 +39328 04 +73168
0007 +70828 =01 +28296 +04 *12377 +08 + 43048 =03 +«39738 04 «458¢3
0008 +83698 -01 *27736 +04 *+15235 08 +«43293 -03 +42882 <04 17974
0009 +56821 -01 +27€30 <04 +16004 +06 +43340 -03 +«43823 <04 +38806
0010 +50328 -01 +26233 <04 «20754 <08 + 43788 -03 48483 ~ o4 +83138
0011 +421954 =01 +«23283 +04 *23345 +08 + 44033 -03 +30803 104 83414
on2 *37827 -01 +24240 104 +25610 +08 +44282 -03 «32709 04 +12839
0012 +31872 =01 +23091 ~04 *27373 -08 + 44530 -03 » 54122 04 +16393
0014 +26411 =01 +21972 +04 *2848% -08 44777 -03 + 54887 ~04 +20091
0015 «21157 -01 +20817 ~04 + 28881 +08 - 45024 -3 +85288 04 +23913
00t 6 +16214 =01 +18338 04 ~28364 ~ue +43272 -03 ~ 35044 ~04 +27924
0017 11380 -01 *18127 +04 +27632 -08 ~43319% -03 34323 L o4 +31799
o018 ~ 72436 -02 16848 04 ~26227 ~08 ~45768 -03 33207 ‘o4 +33820
0019 + 31903 -02 *15843 - 04 ~24509 ~08 + 46013 N3 31794 04 ~38874
0020 -13864 -r3 + 14944 ~04 ~22667 ~08 ~48221 -03 ~ 30387 o4 ~43441
0021 -0 N -0 =01 -22504 08 ~ 49229 -03 * 300687 4 43379 o0
0022 +0 1 -0 -01 ~17942 ~08 ~46434 -03 - 45757 ~04 47299 00
0021 0 -0 ~01 £ 14305 - 08 + 46711 -03 ~41818 ~o4 51562 o0
0024 +0 -01 -0 =01 ~11408¢ -08 : 47008 -03 38219 04 56448 o0
0023 0 -01 -0 01 ~90940 -07 S47344 -03 ~34928 -04 52048 00
0026 -0 -01 -0 -~01 72310 (e < 47732 -03 31922 04 68467 00

27 «0 -01 0 =01 37817 ~07 48179 -03 29174 ~04 ~75823 o0
0028 -0 =01 0 -01 + 46102 07 48694 -03 26661 - C4 84254 ~00
0029 -21916 07 -0 =01 0 -01 '0 -01 '0 01 +Q <01
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DRIVER GAS TEMPERATURE, T (°R)

DRIVER GAS PRESSURE, P (I0°PSIA)

PROJECTILE VELOCITY,W (10*fps)
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Fig. 5 - Gun action with helium driver gas at 300°K
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PISTON VELOCITY, u (10°tps)




DRIVER GAS PRESSURE, P (I0°PSIA) DRIVER GAS TEMPERATURE, T (°R)

PROVECTILE VELOCITY,W (10" fps)

ACCELERATOR DEVELOPMENT
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Fig. 6 - Gun action with hydrogen driver gas at 300°K
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Fig. 7 - Gun action with helium driver gas at 1200°K
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W AXIS

/
=g
1219
GENERALIZED  (AMENSIONLESS RATIO
12.19 SYMBOL UNLESS UNITS GIVEN
1067 ¢ 9,537 (ATM)
] 1892 (ATM)
w 067 w . 788
(KMagci 9,14 (KM /sac) ] 767 .
914 % 300 T0 2,778 (°K)
1€, 7,202 (JOULES/cm?)

762 ) 75 {gmaem?)

o, J (4 T01) 226 (gmamd)
60% N

[T
as7
J - S
5 Jg* 226 gniem®
1064 2778710
—+— GRID LINES
152 — VELOCITY CONTOUR
—--—— ISOBARS P,*34,014 ATM
Py 68027 °
0

Fig. 8 - Variation of velocity ® with driver gas temperalure T
and projectile mase J (rt hand axis)

which represent very light projectiles,  Suceessive curved lines extended to the
velocity scale show the other heavy-line velocity contours of 10. 67, 9. 14, and
7.92 km/sec. Isobar Pl (broken heavy lines) shows that hetween the quarter and
one-eighth , value the pressure is about 34,000 atmospheres, Along the one-
half ), value is a line showing the 1sobar P2 representing conditions with

68, 000 atmospheres maximum pressure. It can be seen that the increases in
vetocity with temperature are not nearly as pronourced with the heavier projec-
tiles (larger ) values), In agrecment with experimental observations, the
curve at 3009 K shows an optimum velocity at a | value btetween the one-half
and three-quarters j,. With increasing temperatures the projections of the grid
curves parallel to the j axis change gradually {rom convex up to concave up.
This means that with increasing temperatures lightening of the projectile will
result 1n a higher rate of velocity increase.

EFFECT OF LOADING PRESSURIE

In Figure 10 the only parameter changed was the toading pressu:e, which
was raised to 28. 6 atmospheres. In this case, abeve the 12, 19-km/sec contour
the projectile velocity surface 1s slightly smaller than that shown in Figure 9,
There is a significantly wider region to the right of the P isobar, ranging
between one-half 1, to one-quarter J,, where maximum pressures are below
34,000 atmospheres. For almost all of the velocity surface, the pressure is less
than 68, 000 atmospheres. At 300V K the velocity 1s considerably less than in
Figure 9.
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- GENERALIZEQ  DMENSIONLESS RATIO
SYMBOL UNLESS UMTS GIVEN
teia ¢ 9.537 (ATM)
1067 ‘ ',’:: Ll
L]
v 1067
- w f 167
Aac o (KMAqc) T 300 T0 2,778 (°K)
oia £ 7,202 (JOULES/cm?)
™ 75 (gmAm?)
J (4 T01) 226 tgmsem®) AXIS
792
2.778
J AXIS
T, AXIS

To (°K)

~—— GRID LINES
VELOCITY CONTOUR o
—-— ISOBARS P, 34,013 ATMOSPHERES

Py« 68,027 .

Fig., 9 - Variation of velocity W with driver gas temperature,
T, and projectile mass, J (left hand axis)

Before passing on to the next figure, 1t is instructive to review some of
the conditions under which the isometric curves were generated., First, leakage
past the piston or projectile was assumed to be zero, Experiments with a Bridg-
inan seal and electrical instrumentation showed that gas teakage actualty has
considerable influence on projectile velocity., The standard steel piston had up
to 16. 7T-percent loss in velocity over that obtainable with a piston with negligible
leakage. Another physical reality is projectile friction, which seems w vary
directly with pressure. In rescarch with Teflon and other plastics, it was found
that friction resistance (figurod in terms of force per cross-sectional area) can
with light projectiles be held to 2bout 121 -atmospheres. Since Interest is in ex-
ploring the higher velocity ranges, this low value was chosen as a constant aver-
age value and used in all studies in this series, Comparative runs exist in which
it is necessary to correct by subtracting about 3 percent in Narec projectile
veloclty for the heavy (§ = 2, 26) Teflon-coated cylindrical projectiles and about
8 percent for the plain uncoated ones. Alss, maximum proof-loading p:ston
energy (I5,) for the 20-mm piston has been selected to get an idea of optimum
performances, Small variations n piston energy may also be treated as cor-
rections to the optimum program. In each of the experimental-versus-Narec
comparisons appropriate adjustments have been made to obtain the Narec curve
fitting experimental conditions as closely as possible.

Experimental and theoretical studies have been made showing the effect
of loading pressure on projectile veiocity, as shown in Figure 11, At high
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pressures the curves agree quite well, but they depart at low loading pressures,
where peak driver-gas pressure rises to above 66, 680 atmospheres. Visible
gas leakage occurs around the two-piece catcher at pressures slightly over
34,000 atmospheres. This is the most iikely cause of the substantial variance
between theory and observation. The theoretical curve will also fall sharply as
initial gas pressures are reduced further,

No experimental data exist on the effect of loading pressure with gas at
high initial temperature; and since experimental high-temperature work is plan-
ned, a theoretical study was made as shown in Figure 12. With heavier projectiles
(j = 2.26), optimum loading pressure is about 35 atmospheres, while with very
light projectiles the optimum toading pressure falls to about 19 atmospheres. The

peak driver-gas pressure over most of the surface as indicated by the Isobars Py,
P, is under 34,000 atmospheres.

PISTON ENERGY TEMPERATURE STUDY

Figure 13 shows how velocity varies with B valucs and temperature.
There is considerable velocity surface above 24 km/sec. This study was extended
to consider ten times the standard proof-loading energy. These energies are at-
tainable experimentally by utilizing three-stage hypervelocity guns; however,
when one looks at the i1sobar contours the pressures are too high for practical con-
siderations. There is only a narrow region above one E, value (7202. 2 joules/

|

OMENSOMLESS RATIO
UMLESS UNITS GIVEN
9.537 ATM

2861 ATM

708

i

71.67
300 TO 2778 (*K) AXS
7.202 (JOULES/cm?)
75 (gmAm?)

w
9,14 (KMie)
owc (§ 70 1) 226 (gmam®) AXIS

Ccwma-ean

1782

—+ - GRD LINES ’“ AR VO
— VELOCITY CONTOWR 300 .
bt 226 yaeat
—-— ISOBARS P,- 3404 ATMOSPHERES
Py e 68027

Fig. 10 - Variation of velocity ¥ with driver gas temperature T,
and projectile mass, ) (higher loading pressure d)
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NAREC AND EXPERIMENTAL CONDITIONS
c = 4,768 ATM
d = AXIS ATM

e = 788
6 f = 767
N To= 300 °K
S E = 5,402 JOULES/cm3
~ b =I5 gm/cm3
\\ J = 226 gm/cm3
5.—
o
L]
X
zZ
x

=

— ——— NAREC CURVE
——O—— EXPERIMENTAL CURVE AND POINT

. | 1 1 1 | 1 1

10 20 30 40 50 60 70 80
' d (ATMOSPHERES)

Fig. 11 - The variation of projectile velocity, W, with initial driver gas pressure, d

cmd) where peak driver-gas pressures are below 33, 340 atmospheres. There is
a small region between 2 and 1-1/2 ¥, where pressure is 66, 680 atmospheres,
and between 3 and 2.5 K, therc i3 a region where pressure is below 132, 360 at-
mospheres. Most of the experimental work has taken place at E values of three-
quarters I, At this energy the projectile velocities are about 4 percent below
those with an I value of one at an initial driver-gas temperature of 2, 170°K
and about 5 percent below at 3002 K. In general there is considerable projectile-
veloeity gain with increasing piston ¢nergy, but the pressures rise to values where
gas-container surfaces distort and leakage is certain to vccur,

IHHEATED DRIVER-GAS STUDY

In Figure 14 the Nurec curves were extrapolated using the method for
gencrating Figure 13 to give temperature-velocity correlations for experimental
piston energies and other conditions, In the first experiment using steel pistons
(lower experimental data points), the higher initial driver-gas temperature T
was attained by heating about 75 percent of the compression tube electrically.
Experimental points are 2 percent higher than predicted where an experimentally
determined value of 16 percent velocity reduction was allowed for steel pistone
leakage. ‘The elevation in driver-gas temperature in the upper experimental data
points was accomplished by raising the volume ratio by a factor of 2. 09. In the
two experiments, the data points lie close to the theoretical curves, and the gains
in velocity from driver-gas heating were as predreted.

O

34




ACCELERATOR DEVELOPMENTS

CHAMBERAGE-AREA STUDY

At NRL a projectile velocity of about 8,1 km/sec has heen reached with a
gun where the chamberage-area ratio f was about 52. Narec solutions with the

same experimental conditions gave about 10.7 kin/sec and peak pressures of about
181,000 atmospheres.

Figure 15 shows how velocity varies as a function of the log of this cham-
berage-area ratio f. It is noted that velocities in excess of 24 km/sec are ob-
tained in the upper parts of the surface. At high chamberage-area ratios (above
20) the pressure exceeds 133, 000 atmospheres over much of the velocity surface.
These high pressures always cause considerable distortion at the entrance section
of the launch tube, forming a very small venturi which lowers the velocities con-
siderably below those predicted. The natural log of the { value, 2. 03, represents
a chamberage-area ratio of 7. 67, which corresponds to a 20-mm ccmpression
tube and a 30-cal launch tube. The curves illustrate that a slight increase in
chamberage-area ratio results in a considerable gain in projectile velocity and
that gains as a result of high initial driver-gas temperature are independent of f.

PISTON ENERGY STUDY

The study of the effect of piston energy E and chamberage ratio f aids in

W AXIS

NAREC CONDITIONS
GEMERALIZED  DIMENSIONLESS RATIO
SYMBOL UNLESS UNITS GIVEN
087 ¢ 2337 (aTM)
067 [ 189 - 768 (ATM) AXIS
0 .8
' T67
| 2400 (°K)
- e € 7.202
w
(Kipyec) 914 (KMgoc) » 13 (gm/om?)
J (4 YO 1) 226 (gm/cm?)
T.2¢4
1890~ 7.24

FIE
& 226 (gmam?)

~ - GRID LINES

VELOCITY CONTOUR

—-— ISOBARS P, » {7007 ATMOSPHERES
- 34,014

Fig. 12 - Variation of projectile velocity, v, with gas loading
pressure, 4, and projectile mass, J
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GENERALIZED  DMENSIONLESS RATIO
SYMBOL UNLESS UNITS GIVEN
‘ 2438 c 9537 (ATM)
LD ] 2861 (ATM)
w 6 2133 o . 788
(tpe x 10%) 829 (KM/gc) 1 767
50, 14 300 T0 2.778 (k) AXIS
1524 E (D75 YO 10) 7202 “4m® AXIS
1219 i 75 (gmamd)
™ & Q36S (gmscms)

£ - “laygys
€, 86,981 ft ©An?
———— GRID LINES 300~ 015E, Eo < 11187 BTU/
VELOCITY CONTDUR £, » 7.202 2 JOULES/cm?
—-—— 1SDBARS F,- 34,014 ATMOSPHERES
Py« 68,027
Py« 136.054

Fig. 13 - Variation of velocity ¥ withk driver gas temperature,
T, and piston energy, E

extrapotation of the Narec study. The theoretical curves of Figure 16 were
devetoped for the experimental parameters where piston energy K was varied
from 3/4 E, to 1 E, with a chamberage-area ratic of 7.67. The eopper-
piston data points fall on the curve, while the steel-piston datum point Is low,
indicating the effect of teakage. A piston energy of 2E, was reached in a three-
stage gun at a chamberage-area ratio of 5. 62 in the upper datum point. This re-
presents a 20-mm, 35-cal combination in the final stages, which is the most
successful combination. Pressures were too high to be contained when the 20-
mm, 30-cal combination was used; consequently projectile velocities were lower,
The generality of the program is shown by the experimental datum point obtained
with 1. 1-inch, 50-cal combination, which is the closest low-piston-energy experi-
mental point availabte at NRL.

PISTON AND PROJECTILE WEIGHT STUDY

Figure 17 is a plot showing velocity variation versus piston and projectile
welght parameters, b and j. Parameter b varies {rom 15 grams per cubic

centimeter (b)) to 1/8 of that vatue, and j varies from 2.26 grams per eubie
centimeter (j,) to 1/8 of that value. Velocity contours vary from 8.38 to 6. 1
km/sec. The pressure isobars (P, Py, P3) show that if the b vatue is greater
than 1/2 of b, and the j valve is less than 1/2 of j, peak pressures will be
about 33, 000 atmospheres.
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S CEEIET AL B NAREC CURVE CORRECTEO
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I+
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FIG.14 THE VARIATION OF PROJECTILE VELOCITY, W,
WITH DRIVER GAS TEMPERATURE T,

The two experimental points showing the effect of reducing piston weight
percent (I-gram projectile fired from a 20-mm, 30-cal gun) are within 5

percent of the theorctical values when proper allowances are made for experi-
mentally determined friction and iow piston energy to match the experimental

firing parameters.

surface using the magnesium 0. 63-gram projectile (j=0. 63j,) and the 40-gram
piston (b=2/7b).
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Figure 18 is a similar plot, with the initial driver-gas temperature at
2400° K, where an appreeiable part of the velocity surface is above 12,2 kilo-
meters per second, The velociiies presented in thesc curves are much gieater
than those presented in previous curves for equivalent pressures,

In both Figures 17 and 18, as the weight of the projectile is reduced the
piston weight must be reduced while holding the kinetic energy constant, in order
to aehieve maximum veloeity gains from a lightweight projectile. In both figures
the 68, 000-atmosphere isobar almost bisects the surfaces diagonaily.

EFFECTS OF RADIATION ON PROJECTILE VELOCITY

The Naree program offcrs an casy means of examining the theoretieal
gain from the elimination of hot-gas-radiation effects. It is only necessary to
zero the Stefan-Boltzman radiation coefficient and rerun the program, Compari-
son is then made belween two identical runs with zero and finite radiation eon-
stants, This has been eomputed for several configurations using helium as the
driver gas under the conditicns shown in Figure 19, Figure 20 shows four-run

W AXIS
t

[
24 34

21 33 ‘ GEMERALIZED  DIMENSIONLESS RATIO
SYMBOL UNLESS UNITS GIVEN
1829 i [ 9.537 ATM
(KMAec) 1524 d 7.1-286 ATM
2 [ . 783
1219 f 27270 46 AXIS
G 300 TO 2,778 (°K) AXIS
28 , y € 7202 (JOULES/em?)
610 ) 1Y 75 (gm/emd}
27787 \\\\l . e 0565 (gm/cm®)
t AXIS 5
2222 : .« |
2 ; J
1667 . e \ . BI8
7, (%) i ~__~ - 300
203 LNt
GRID LINES 556 e 1386
VELOCITY CONTOUR 300 100 LA R
—-— 1S08ARS P, « 136054 ATM 10 272
Py + 68027 1386 | 40C
Py« 34014 ° 203 | 767
240 | 110224
300 2015
378 4400

Fig. 15 - Varnation of projectile velocity " with initial

temperature, T, and Chamberage ratio, f
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Figure 20
Gain in NAREC Projectile Velocity for Elimination of
Radiation Loss (T, = 1200 K)
Av. Gain in Velocity (4 Runs)
Common Parameter Condition
av fps av fps
(for H,) (for H,)
;  0.565 gm/cm3 | (light projectile) 263 22
2.26 gm/cm? | (heavy projectile) 241 5
c 4,750 Atm. (shot-start press) 233 11
9,500 Atm. (shot-start press) 270 16
b 1.5gm/cm3 (light piston) 232 8
15 gm/cm3 (heavy piston) 272 19
averages of projecule-velocity pamn hsted with the common parameter. Velocity
gam from a zerocd radiation constant can also be interpreted in terms of percent-

age of depurtare or veloer from a basie logarithmic curve of velocity-gain
percentage versus inittal driver-gus temperature T,

This loss increases ap-
proximately as the third power of

he mnitiat absolute temperature of the driver
pus,
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Since the busic percentage increase in projectile velocity increases only
Ina logarithmic fashion, it is casy lo conjecture that at some temperature the
percentage of velocity gain 1n the basic curve will be counterbalanced by percent-
age of velocity losses from radiation effects, At this optimum initial-temperature
point, projectile-velocity losses may occur from further increase in initial gas
temperature.  An experiment in which 6, 000" K initial temperature could be reached
by a combination of electrical and compressive heating may yleld some information
on this optimum temperatuve,

HEAT ADDITION DURING COMPRESSION

Since the light-gas-gun piston starts stowly, 1t uppears that electrical
licat added during the latter portuon of the compressive cycle may have consider-
ably less heat loss und thereby be more effective in raising the projectile velocity
than other types of preliminary heating,  In this type of operation elec.rical energy
may be added at low driver-gas density, and the additional pressures required
for effevuve ucceleration can be achieved later in the cycle by poston compression
of the gas,  Experimental mvestigation of these techniques will be carried out by
using 20,000~ and 100, 000 -joule cupacitors, und the newly developed 250, G0O -
Joule capacitor banks presently under construction (Fig, 21).  Also shown is the
gas gun which witl be used Tor the inpal clectrocompression studies,  The gun
consists of a 90-inch tong, 37-nmmm compression tube fitted for 22-~al and 30-cal
launch tubes, Projectile velucities of about 7, 8 kin/sce have been achieved with
this gun without the addition of electrical encrgy.

Recent udvances in switching technmiques, shown schematically in Figure
cnable the 20,000-, 100, 000-, and 250, 000-joule capacitur banks to be used
i any desirable combinution, A total of 370, 000 joules cuan be delivered in about
s1x milcroseconds. Muximum current is about 15 milhion amperes,  To handle
this large current load, extensive englneering was necessary to develop the light-
welght energy cotlector (Fig, 23) which s designed for withstanding the enormous
peak magnetic repulsive pressures gencrated by the peak current. A cylindrical
design was chosen i order o utihize the hoop strength of the cylindrical elements,

3

Results of imtiul computations from the Naree program show that velocity
incereases ranging from 3 to 6 km/scee should be poss:ible above maximum perform-
ance of the gun with increased driver-gas temperatures from electricul-cenergy
input,  As the computer program is further developed to handle the effects of heat
input to the driver-gas during compression, it will be used to help establish de-
s1gn and firing criteria for the electro-compression gun,

CONSTANT-VOLUME ELECTRIC GUN

The simplest type of electric gun s the constant-chamber-volume model,
which 1s 4 chamber filled with tow-moleculor-weight gas.  Research is continuing,
and Figure 24 shows a newly designed constant-volume gun,  This gun will be used
in further rescarch to optimize the firmng purameters and to obtain minitnum con-
tamination of the light gas from metallic vaporization, Shown in this figure are
the launch tube, the projectile, the ground electrode, the gas-filling port, electrical
insulation, and the hngh-voltage clectrode. During arc-discharge in this gun the
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Fig. 21 - Capacitor banks (100 and 250 kilojoule)
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Fig. 22 - Switching and distribution arrangement

After a thin diaphragm is ruptured,

gas temperature is raised to about 18, 0007 K,
Although this has

the heated gus uccelerates a projectile down the launch tube.
proven possible with present equipment, which s capable of generating gas tem-
peratures in excess of 15, 000V K, the extreme clectrical current required for this
heating vapuiizes cnhough metal firom the electrode surfaces to contaminate the
gas and scriously restrict gun performance to velocities below 4.6 km/sec.  Some

of the limitations may be reduced in future studies.

CONSIDERATION OFF LARGE LIGUT GAS GUNS
At this time it 1s well to consider the effect of the analysis. It is clearly

shown that velocities in excess of 12 km/sece can be achieved with reasonable
pressures, provided there 1s sufficient driver-gas temperature and the projectile
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Fig. 23 - Main collector plate

welght parameter is towered to 1 g/(-m3 or betow,  This can be achieved with
Hightweight subot material, provided peak accelerative pressures are kept below
34,000 atmospheres,  To achieve low acceleration and a reasonabte value of
saboted projectite muss, targe guns become necessary.,

A much Farger gun than the 40-mm and 3-1nch tubes in current use at
NRL is approaching the assembly phase. The gun (Figure 25) consists of standard
8-inch guns smooth bored und mounted muzzle to muzzle on rail trucks to form
4 compression tube 57,5 feet tong, A puir of 3-1nch smooth-bored guns are used
for the 34 -foot launch tube.  This gun has been designed to launch a 225-gram
projectite to speeds up to 9.0 km/sec and 900 grams to 6.0 km/sec,

Since the central breech 1s so massive (35 tons) it 1s infeasible to make it
entively expendable, Therefore, a partially expendable cateher has been designed
that consists of a relativety thin steel inner liner surrounded by a lead sheath
which is held within a massive steel outer rimg, fubricated from the breech of a
I6-inch naval gun.  During operation the itner core witl be partially destroyed
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Fig. 25 - Rail mounted 8 - 2.5 in, hypervelocity gun

but the lead will prevent dusnage to the outer rimg, and the liner can be replaced
for another sh

Because of the tarpe diameter of the pump and launch tubes, maximum gas
pressure must be kept cones derably beiow vaiues normally used in similar small
guns to prevent permanen deformation fron curring,  An extremely mmportant
tusk for the Naree program is to determine mutial firing parameters hat will
sleld high-performance resalts with lower operaung pressures.

PISTON CONSIDISRATIONS

One squrce of large deformattons in the Ingh-pressure seection is an un-
yielding piston.  Current research is aimed at finding the best piston in certain
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weight classes, In the heavy- and medium-weight class, copper and lead have
performed well with low distortions’in the high-pressure sections, In the light-
weight class plasties and soft alurainum appear to be quite good.

In several experiments, in which piston weight was varied, piston bounce
oceurred under the combination of parameters predicted in the Narec curves of
Figure 26, Parameter X, representing piston position, approaches a minimum
value and then increases as the piston velocity u goes negative, I'igure 27 shows
a copper piston with a Bridgman seal which has entered the conical portion of the
high-pressure section, as indicated by the white dotted line, and then has backed
ap to the indicated final position, with the Bridgman seal intact. The edges of

BOUND POSITION - -

ST RS

Figure 27. Photograph of Piston-Bounce with Seal Intact

the piston, which are used to form the scal, were expanded back to the full bore
diameter in the final position.  Computer studies show that the time from the
first conical-surface contact to its final contact with the Rridgman surface edge
1s about 150 u see. The O-rings were not gummy and werce in perfect condition,
which indicates a very effective Bridgman seal throughout this piston motion.

Duatu points with the new piston agree closely with predicted Narec values,
and veloclty mereases were achieved up to 20 percent above identical shots where
stundard steel pistons were used. A Bridgman scal only on the powder side of
the piston yielded a 6-percent increase in projectite veloeity, the seal on the
driver-gas side only yiclded a 16-percent increase over that of a standard steel
piston,
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PROJECTILE FRICTION

A qualitative theory of bore friction has been developed that depends on
the movement of dilatational waves in the launch tube. It has been used to explain
many of the observed bore-friction phenomena, such as:

I. Moderate friction in the first few inches of projectile travel

2. Steeply rising forces proportional to incident pressures and
the dry coefficient of friction heiween the projectile material
and the bore

3. A rapid fall-off ic almost fixed moderate values,

Recently very successful high-velocity shots have been made with solid cylindrieal
projectiles where proper clearances were established behind the seal surfaces, to
avoid postulated interference between the bore and projectile body.

CONSIDERATION OF TERMINAL NEEDS

In order to obtain meaningful terminal ballistic data utilizing the light-gas
gun, it is imperative that only the prujcctile impacts the target and that the mass
of the projectile be accurately known, Techniques have recently been developed
utilizing the quick-opening valve to eliminate the shear disk required in the stand-
ard gas-gun accelerator and to sabot projectiles to insure that no mass loss occurs
during acceleration,

In previous models of the light-gas gun it was necessary to use a disk
between the propellant gas and the projectile assembly, This disk prevented
expansion of the light gas into thc launch tube wntil a desired pressure was reached,
When the low-molecular-weight gas was compressed to a predetermined value,
the disk would shear from its support, and the disk and projectile assembly would
then be aceelerated down the launch tube. Impact damage could and generally was
caused not only by the projectile but also by at least two fragments of sabot, de-
pendent upon design of thc sabot and the shear disk. Also, because of the shear
disk, the total mass accelerated was unnccessarily high,

QUICK-OPENING VALVE

Original work to eliminate the shear disk was done at NOL and resulted
in the development of a high-pressure petal valve. Independently, Ames Aero-
nautical Laboratory, NASA, developed a break-type valve, The NRL gun utilizes
che basic idea of this Ames device. Quick-opening valves have been developed
for the 22-, 30-, and 60-cal launch tubes. Figures 28 and 29 are diagrams of
the same basic valve. The opemng action occurs when the lateral component of
pressure acting on the notch or milled slot exceeds the tensile strength of the valve
material. The brcak, or shot-start pressure, is controlled by thc shape and depth
of the notch or slot.  Upon breaking, the two sections of the valve are driven apart,
strike the valve-holder surfacces located perpendicular to the direction of travel
of the two valve sections, and rebound into the closcd position. Because of the
time required for closure of the steel valve in the 60-cal gun, there is no detri-
mental effect of closure on projectile velocity. However, the valves developed
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BARREL

Fig 28 - Quick Opening Valve
49 mm-60 Caliber Light-Gas Gur

for the 22- and 30-cal launch tubes are made of aluminum and travel a shorter
distance before rebound occurs. Hence, closure occurs prior to the time that

the projectile reaches the muzzle. The resultant effect is a reduction in projectile
velocity. To prevent clesure of the aluminum valve, a small metal cone has been
inserted into each end of the valve. These expander-cones wedge into the valve
sections upon striking the end of the valve holder. This wedging action expands
the valve end into slots in the walls of the holder and prevents rebound. Trapped
air, which could have a cushioning effect and defeat the purpose of the device, is
removed by a siraple venting arrangement. Smaller vant holes may be used to

control valve opening rate should this be necessary to limit accelerative forces in
delicate projectiles.

SABOT DESIGN

The design of a sabot which is strong enough to withstand the extremely
high acceleration forces of the launch phase and light enough so that the resultant
projectile velocity is not drastically decreased is a problem which has plagued
the terminal ballistician for years. Various sabot configurations and materials
have been tried, with only minimum success. Sabots previously used at NRL
were made of cloth-impregnated bakelite and aluminum. These were found to be
unsatisfactory for tests involving high projectile density and high velocity. Cur-
rently sabots made of lithium-magnesium alloy (approximate density 1. 46 glcm3)
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are being used with 3/8-inch-diameter aluminum spheres, mass of 1. 25 grams.
Adiagram of a sabot now being tested is shown in Figure 30. The sabot is split
for easier egress of the sphere, and the four holes are included for the same

le— 0625 £.002" —

5"

_.-IT_..

=

0.086" DRILL (TYP)

0.587" £ 00"

a5

l_
_r'_
ft
T
_'__

MAT'L: LITHIUM - MAGNE SIUM

Fig. 30 - Sabot design for projecting 3/8 in. d. spherical metallic projectiles

o1




ACCELERATOR DEVELOPMENT

reason. With this sabot and a quick-opening valve assembly, a maximum ter-
minal velocity of 6. 0 km/sec was attained in a test environment of 10 mm mercury,
There was no extraneous damage to the target face afier firing, The results from
thesc tests are quile encouraging, not only from the aspect of acquisition of accu-
rate terminal ballistic data but also from the viewpoint that accelerator techniques
have developed to the point at which a relatively large mass, 4,10 grams (1, 27-
gram projectile and 2, 83-grain sabot), has attained a velocity of 6 km/sec.

SUMMATION

Experimental work is continuing to increase mass, size, and velocity
capabilities using saboted projectiles for impact research., Use of isometric
charts to interpolate Narec results to a new set of design parameters represent-
ing a specific gun has resulted in about 95-percent agreement with experimental
results. Increased energy storage and distribution capabilities and development
of electroballistic techniques will considerably extend the scope of electroballistics

work.
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INTERIOR BALLISTICS OF HYPERVELOCITY PROJECTORS
INSTRUMENTED LIGHT GAS GUN AND TRAVELING CHARGE GUN
FP. G. Baer and H. C. Smith

Ballistic Research Laboratories
Aberdeen Proving Ground, Maryland

INTRODUCTION

For the last two years the Interior Ballistics Laboratory has undertaken
an investigation into the design of hypervelocity projectors. This paper reports
the progress of the Laboratory on two types of hypervelocity projectors; namely,
the two stage light gas gun and the traveling charge gun. The investigation has
Lbeen funded under two Ordnance Projects - (1) Project: TB-3-0116; Task: Super-
velocity Launchers, and (2) Project: TB5-22; Task: Supervelocity Amrmunition,

Light gas gun design has been investigated under two parallel subtasks:

(1) The development of a mathematical model or models which, when
programined on a digital computer, will predict the performance
of any two stage light gas gun regardless of its dimensions,

(2) Experimental verification of the above theoretical computer model.
A similar approach has been adopted for the traveling charge gun studies.

The first report on the interior ballistics of light gas guns was presented
at the 4th Symposium on Hypervelocity Impact(l) . This report presented a
background to the interior ballistics of light gas guns. In addition to the back-
ground, theoretical computations were presented for singie and two stage light
gas guns in order that the limitations of these guns might be fully understood.

The desirability of confirming theoretical predictions with experimental results
was stressed.

The porticn of this paper which applies to light gas guns, continues the
investigation presented in the first report. However, investigation in this case
is limited to the interior ballistics of two stage light gas guns, emphasis being
laid on ugreement between predicted and experimental resulis.

A report on the applicability of the traveling charge gun to hypervelocity
projection was also presented at the 4th Symposium on Hypervelocity Impact(2iy~
Both experimental and theoretical work was discussed; however, the major

emphasis in the traveling charge gun task was in the development of a propellant
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which would burn at a certain prescribed rate.

Since the initial traveling charge paper, two BRL Technical Notes have
been published on traveling charge gun design 3), (4) in which a simple theoretical
model of a traveling charge gun has been amplified into a system which can be
used to examine the potentialities of any type of traveling gun device,

The portion of this paper, which applies to the traveling charge gun, con-
tinues the investigation presented in the first traveling charge gun report. A
more complex theoretical model will be discussed and experimental data pre -
sented,

THEORY

A complete discussion of the mathematical models used in simulating the
two stage light gas gun and the traveling charge gun on digital computers is out-
side the scope of this paper. Models for both guns will be briefly described
withoutl using mathematical notation; in addition, some of the assumptions used
in deriving the eyguation will be presented. A more complete discussion of the
mathematical models used o simulate the two stage light gas gun and the traveling

charge gun together with computer flow diagrams will be reserved for subsequent
BRL reports,

Four mathematical models simulating the two stage light gas gun have
been derived and programmed for the digital computer. These theories are
listed accordirg to increasing complexity.

(1) Charters' method

(2) Simple lsentropic Compression method
(3) Richtmyer-Von Neumann "q" method
(4) Method of Characteristics

The four mathematical models used to simulate the two stage light gas
gun have numerous assumptions. In Table I the major assumptions used in
these models are listed and compared.

The simplest model which can be used to simulate wne two stage light gas
gun is the one developed by Dr. Charters of Ames Laboratories. The mathe-
matical equations used in this model have been presented in the first report n,
The method consists of a set of simultaneous equations (not differential equations)
which can be solved numerically for any particular light gas gun case.

In the simple isentropic compression method the mathematical equations
used to simulate the two stage light gas gun are a set of simultaneous ordinary
non-linear differential equations with time as the independent variable. The
equations are similar to those described in the first report (1) (eq. 9 - 27); how-
ever, some revisions have been made in order to more accurately simulate the
gun. In order to obtain a solution to a particular two-stage light gas gun problem,
these equations have to be integrated numerically from a time corresponding to
ignition of the solid.propellant behind the piston to a time corresponding to ejection
of the projectile from the barrel of the launcher tube. The results from these
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numerical integrations consist of a table in which the variables of interest (pres-
sure, displacement, velocity, etc.) are given for even increments of time.

The equations used in the Richtmyer-VonNeumann'q' method are a set of
simultaneous non-linear ordinary differential equations and partial differential
equations of the hyperbolic type. The partial differential equations used in this
method have been described by Richmyer (9); these equations have been adapted
by the authors so as to simulate the two stage light gas gun. In this method, time
and a particle coordinate (or Langranian variable) are the independent variables.
Numerical integrationof these equations gives the variables of interest as a func-
tion of time and a mass segment number,

The equations used in the method of characteristics are of the same type
as in the Richtmyer-Von Neumann ''q" method, However, the independent variables
are a pair of ''characteristic variables'. Numerical integration of these equations

gives the variables of interest as a function of the two characteristic variables.

Two mathematical models simulating the traveling charge gur have been
developed. In the simpler model it is assumed that:

1. The thrust developed by thc burning traveling charge propellant is
a constant.

2. The propellant burning rate (and thus the mass loss) is a constant.

3. The frictional forces between the barrel and the projectile are
negligible.

4, The barrel ahead of the projectile is evacuated.

The resulting differential equations can be integrated giving three simple
simultaneous equations. Numerical solutions are obtained byv substitution in the
equations.

A morc complex model simulating the traveling charge gun has been devel-
oped. Originally, this model was based cn equations developed by Armour{® for
predicting the interior ballistics of gun-fired rockets, It was found, however, that
these equations did not completely describe the interior ballistic behavior of a travel-
ing charge gun, so they were revisedso as tomore nearly correspond to the actual gun,

The events which are simulated by this model are the following:

1. Initially the propelling charge consists of a base charge, composed of
granulated solid propellant and an end burning traveling charge, composed of a
porous propellant, which is attached to the projectile.

2, Upon ignition, the base propellant starts burning, raising the pressure
in the chamber. Hot gases from the burning base propellant flow into porous grain,
these gases eventually igniting the grain,

3. As the porous grain burns, gases flow from a region near the end of the
grain toward the head of the grain, thus opening up new grain surface area which in
turn burns,
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4. An inflow-outfiow balance is set up across the end of the grain. Inflow
occurs as long as the pressure outside the grain is greater than pressure inside
the grain, Outflow occurs when pressure inside the grain is greater than the
pressure outside the grain.

5. The projectile and the traveling charge grain begin to move when the
pressure in the chamber of the gun exceeds the shot start pressure,.

6. The above process continues until the grain burns out; then the pro-
jectile is driven by the residual gas in the gun.

Some of the assumptions used in the above model are (Fig. 1):

1. Thc pressure from the breech of the gun to the base of the traveling
charge grain is a variable depending upon time only. That is, no pressure
gradient exists in the gun.

2. The pores at the rear end of the traveling charge grain can be simu-
lated by an ideal nozzle. The throat area of this nozzle is the cross sectional
area of the pores.*:

3. Gas flow into or out of the traveling charge grain cannot have a
velocity greater than sonic.

4, At any instant of time the gas pressure inside the grain is a constant
from the rear end of the grain to a moving boundary inside the grain, On one
side of this moving boundary the gases are hot and at a high pressure. On the
other side of this moving boundary the gases are cool and at atmospheric pressure.

5. The velocity of this moving boundary is given by the pressure difference
across the boundary.

6. The traveling charge propellant is assumed to consist of fibers of a
known diameter oriented so that the axis of the fibcrs are parallel to the axis
of the traveling charge grain. As the moving gas boundary moves into the grain
the surface areza of the fibers exposed is the surface area of the propellant burn-
ing in the grain, When the moving boundary reaches the end of the grain all of
the fiber surface arca is exposed. The fibers continue to burn until all the travel-
ing charge propcllant is burned out.

Mathematically, thcse assumptions consist of a series of ordinary dif-
ferential equations which are integrated numerically using the method of Runga-
Kuita-Gill. The results of this numerical integration, consisting of a table in
the values of the variables of interest ( gun chamber pressure, traveling charge
grain pressure, velocity, ete.) are listed for even inerements of time.

EXPERIMENTAL - LIGHT GAS GUN

In the initial phase of this project, since the Interior Ballistics Laboratory
did not have a two stage light gas gun, it was dccided to verify theoretical predic-
tions with experimental results from two stage light gas guns possessed by other
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laboratories in BRL and other defense agencies. The data obtained this way was
extremely varied, generally consisting of projectile muzzle velocity and initial
conditions in the gun, For one two stage light gas gun possessed by Weapon Sys-
tems Laboratory we were fortunate to obtain helium pressure-time records and
muzzle velocity. This gas gun has a 57Tmm pump tube 15 feet loug and a , 59 cal
launch tube 6 feet long. The gun used an 18 1b piston and normally fired a 240
grain projectile, Helium pressures were measured at the head end of the pump
tube., The transducer used to measure the helium pressurec consisted of a column
whose deformation by the gas pressure ‘was measured by resistance strain patches.
Projectile velocities were measured in air ouiside the launcher tube by paper
break screens,

In none of the light gas installations inspected by the author was any
attempt made to measure simultaneously the piston position, projectile position,
propellant gas pressure, and helium gas pressure. Since this data was needed
for the complete verification of the light gas gun theories, it was decided to build
a small light gas gun in which all of the above variables could be measured simul-
taneously.

)

Figure 2
IBL Light Gas Gun
Pump Tube With Attached High Pressure Section
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Initially, the instrurnented two stage light gas gun was to be built as
cheaply as possible from existing hardware, the objective for the initial experi-
ments being to check out the instrumentation. No attempt was made in the de-
sign of this gun to attain velocities in excess of 20,000 f/s, it being felt that
design data obtained from the lower véfocity gun could be used to design a gun
which would launch projectiles at velocities in excess of 20,000 ft/sec.

The gun as finally designed is expected to launch a 5 gram projectile at
velocities ranging from 10, 000 ft/sec to 15, 000 ft/sec. The pump tube for this
gun consists of a 1.5 inch 1. D. smooth bored 37mm gun and a high pressure
section attached to the muzzle end of the gun giving an overall pump tube length
of 6 feet 5 inches. Pump tube with attached high pressure section is shown in
Figure 2.

Figure 3
IBL Light Gas Gun
Inserting Gauge Ring in High Pressure Section

The taunch tube is a . 50 cal smooth bore Mann barrel 47 inches long. The
muzzle end has a vacuum adapter so that the tube may be evacuated. A thin nylon
plastic disc is used in the vacuum adapter to seal off the bore. Between the high
pressure section and the launch tube is placed a gauge ring containing the tourma-
line piezo gauge used to mecasure helium pressures at the chamber end. Figure 3
shows the gauge ring, with an inserted tourmaline piezo gauge in place between the
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tauncher tube and the high pressure section of the pump tube. In Figure 4 is
shown the assembled high pressure sections. The high pressure section is held
together by two flanges connected by 6 special bolts. Since only about two inches
of the high pressure section need withstand pressures over 50,000 psi, the section
was made in two diameters. The maximum diameter portion (9-1/2" O.D.) was
designed to withstand a pressure up to 200,000 psi, and the minimum diametler por-
tion (4" O.D.), a pressure of about 50, 000 psi. There werc two reasons for this
design: (1) the high pressure section was made lighter and (2) it was necessary
to have a minimum thickness of steel between the radioactive source held on the
base of the piston and the scintillation.counters used to detect the position of the
source. The entire tight gas gun is mounted on 4-wheelcd carriages. These car-
ciages can be clamped to the double I-beam track when it is desired to fire the gun
or they can be unclamped and moeved when it is desired to take the gun apart,

"

Figure 4
IBL Light Gas Gun
Assembled High Pressure Section

It is important in locating the position of thc piston by means of the scin-
tillation counters that recoil of the gun be held to a minimum. 7To prevent this
recoil an angle iron support was clamped to the middle portion of the pump tube
and to the ends of the I-beam supports. In firings, using a recoil meter to meas-
ure displacement, gun recoil was held to less than 1/4 inch displacement. This
supporting brace is shown undecr the pump tube in Figure 2.
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Figure 5
IBL Light Gas Gun
Piston Assembly and Projectiles

The piston used 1n the pump tube 1s a right circular cylinder 4-3/4 inches
tong and weighs about 2 pounds. In Figure 5 is shown an assembled piston. The
pistoin consists of a steel cylinder with O-Ring grooves, a copper cup at the base
of the piston to prevent propellant gases from leaking around the piston, a nylon
disc at its head end to take the shock of impact of the piston with the nozzle on the
launcher tube, and a hollow nut threaded into the base of the piston, acting as a
holder Tur the radioactive source.

To obtain interior ballisti¢ information from the light gas gun the following
instrunients are used:

(1) Quartz crystal piezo pressure gauge - used to measure the propellant
gas pressure in the pump tube.

(2) Tourmaline crystal piezo pressure gauge - used to measure helium
pressure at the head end of the pump tube.

(3) Eight scintillation counters - used to detect the radioactive source in
the base of the piston during the last two feet of travel.
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(4) Microwave interferometer - used to measure projcctile displacement
in the launcher tube.

The quartz crystal piezo gauge is of a type used at the Ballistic Research
Laboratories for the measurement of transient gun chamber pressure for a period
of about 20 years. When properly used the gauge has given quite reliable resulis,

The tourmaline crystal gauge is a special type developed by Atlantic Re-
search Corporation to measure transient pressures up to about 100, 000 psi, In
operation the tourmaline erystal is suspended in a chamber surrounded by a plas-
tic material. Gas pressure upon the plastic inaterial is transmitted hydrostatically
to the crystal which produces an electricai signal upon being compressed. In pre-
vious light gas gun investigations this gauge was found capable of responding to high
pressure shocks with very little ringing. The signal from both piezo gauges is sent
to a multi-channel recorder thus recording propellant gas pressure and helium
pressure as a function of time.

The scintillation counters used to track a radioactive source heid in the base
of the piston have been described previously (6), as they were used in a program to
track solid propellant grains in a 37mm gun. Briefly, the tracking system consists
of a 80 millicurie Cobalt 60 source held in the base of the moving piston and eight
scintillation counters placed along a two-foot length of the high pressure section.

A scintillation counter consists of a container of plastiflour resin. The gamma
particles from the radioactive source strike the resin, flashes of light'are emitted.
These flashes are detected by two RCA Photo-multiplier tubes, which generate

an electrical pulse for cach flash. The pulses are electrically integrated within
the counter, giving a voltage signal which is proportional to the count rate. Thus
the voliage is highest when the source is directly opposite to the counter. These
voltage signals are sent to a multi-channel recorder and recorded as a function of
time. Figure 6 shows the scintillution counters placed along the high pressure
section of the pump tube. The counters and lead blocks separating them (the blocks
being used as radiation slits) are supported by a portable A-frame, which may be
placed at any position along the gun tube,

It is important, in using the scintillation counters, that the gun system does
not recoil to any appreciable extent, since the piston position will be in error by
the amount of recoil. To measure this recoil, a linear differential transformer
(Shavitz Corporauon) was used to measure displacement of the pump tube barrel.
This unit is capable of measuring displacements as small as . 001 inch. The ‘volt-
age signal from the displacement meter is fed to a multi-channel recorder, giving
tube displacement as a function of time,

A microwave interferometer is used to measure position of the projectile
in the launcher tube as a function of time. This system has becn described in detail
elsewhere and only a brief deseription will be giveu here. The prineiple on
which it works is the same as that for an optical interferometer. A radar signal
from a klystron is propagated through a hybrid junction into two branches of a wave
guide. The signal along one branch is directed to the muzzle by means of a horn and
reflector, propagates along the bore of the barrel to the projectile face. The signal
propagated along the other branch is directed to a fixed wave guide short. The re-
flected signals from both branches return to a junction and thence to a crystal de-
tector. The output of the crystal is a constant D, C. voltage if the projectile is
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Figure 6
IBL Light Gas Gun
Scintillation Counters Along Pump Tube

motioniess; however, if the piston moves, the crystal voliage changes in ampli-
tude as a nearly sinusoidal wave, which goes from maximum to minimum for
each quarter wave length change in projectile position. After being amplified,
this wave is sent to an oscilloscope and is recorded either on a General Radio
Camera or a rotating mirror camera.

Initial firings of the light gas gun have been, and will be, made without
the launcher tube attached, using the interferometer to track the piston in the
pump tube. ‘The purpose of these firings is two-fold: namely, to comipare the
predicted initial motion of the piston with experimental results (the influence of
helium pressure in piston position being small for initial motion of the piston)
and to compare the position of the radioactive source from scintillation counter
readings and interferometer readings. For these piston firings only three meas-
urements are taken: propellant gas pressure-time, piston position as measured
by the microwave interferometer, and piston position as measured by the sein-
tillation counters.

Subsequent firings are made with the assemhled light gas gun using all
of the instrumentation.
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EXPERIMENTAL - TRAVELING CHARGE GUN

The initial experimental work on the traveling charge gun project was
with a small (. 625 cal) thrust stand used to evaluate possible propellants, This
thrust stand has been adequately described in the 4th Symposium Report(?-) and
will not be described here.

Experimental work using this stand was terminated when it was discovered
that opening of the rupture disc set up a shock wave in the gas column  This shock
wave fractured the propellant causing erratic burning rates. Significant results
from thrust stand firings are given in the results section of this report.

Subsequent firings on the traveling charge project have been made with
the . 625 cal traveling charge gun. The gun was initially designed by Vest for
the traveling charge gun program in 1850 and is described in a report issued in
1951(8),  This gun has been somewhat modified for the purpose of the present
program, The gun has a chamber with an internal diameter of . 625 inches and
a length of 7 inches. lgnition of the igniter propellant is accompiished by using
an electric squib, the leads of which are brought into the chamber by means of
an insulated firing pin. The projectile with the attached traveling charge is held
in the forward end of the chamber by means of a brass rupture disc ({015 inch
thick). The propellant arrangement used in the chamber of the gun is shown in
Figure 7. Placing of the traveling charge propellant in the breech is shown in
Figure 8. The length of the barrel is 9 feet (173 calibers). Attached to the muzzle
of the gun is an adapter by which the barrcl may be evacuated for high velocity
firings. In this adapter a thin disc of nylon is used to seal out the atmosphere. In
IFigure 9 is shown an overall view of the gun.

The present objective in the traveling charge gun program is to operate
the gun at high velocities (8,000 - 12,000 {t/sec) and determinc if the porous
propellant used as a traveling charge will burn in a reproducible manner. Con-
sequently the instrumentation is quite simple and consists of a quartz piezo gauge
to measure chamber pressure-time, and three printed circuit break screens.
The chamber with the attached quartz gauge is shown in Figure 8 and the three
screens are shown in Figure 10, A plywood shield with a hole cut in it is used in
front of the first screen to prevent propellant fragments from rupturing the screen
prematurcly, The screens are connected to a 1 MC Potter Chronograph which
..... ures the clapsed time between the breaking of the screens, Muzzle velocities
are obtained by extrapolating the screen velocities back to the muzzie of the gun,

The traveling charge projectile for this gun consists of a duraluminum
right circular cylinder to which is cemented a cylinder of felted nitrocellulose,
The grain of nitrocellulose is inhibited on the outside by a layer of spray enamel
and two layers of Teflon tape. 'The Teflon tape, besides acting as an inhibitor,,
fills the gap between the sub caliber felted nitrocellulose grain and the bore of the
gun, An assembled traveling charge projectile is shown in I'igure 7,

RESULTS - LIGHT GAS GUN

In this section of the paper we will attempt to compare theoretical pre-
dictions with each other and with experimental results, where such results are
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Figure 7
Traveling Charge Gun
Scintillation Counters Along Pump Tube

Figure 8
Traveling Charge Gun
Placing of Propellant in Gun Breech
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Figure 9
Traveling Charge Gun
Overall View

avaitable. These comparisons are not complete, but merely serve to illustrate
the methods used.

The first prediction method and the easiest to use 1s Charters' Method
for a two-stage light gas gun,

Because of the assumptions used in the method, predictions are limited
to guns with heavy pistons, that is, the velocity of the piston is always subsonic
with respect to the sound velocity of the light gas being compressed ahead of it.
In addition, there must be sufficient light gas left in the chamber of the gun so
that the chamber appears to be of infinite size to the projectile (e. g., a rare-
faction wave does not catch up with the projectite).

The Charters' method is useful in the initial design of a light gas gun
and it was so used in the case of the 37mm - . 50 cal light gas gun. While the
method is easy enough to do by hand on the desk calculator, it was felt that it
would be easier to survey a large number of cases by setting up the equations
on the nigh speed digital computer, so the method was programmed on the
ORDVAC. Input data to the problem consisted of:
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Length and caliber of launcher tube

Weight of projectile

Thermodynamic constants of light gas

Caliber of pump tube

Maximum pressure and pressure increment

Maximum temperature and temperature increment
Minimum distance between piston face and end of pump
tube (buffer zone)

«!c’:m-:swm:—-

The question was asked o! the program that, given launcher tube charac-
teristics, pump tube caliber, projectile weight, and a range of light gas tempera-
tures and pressures, what would be projectile velocities obtained, and what
would be the initial light gas pressure, piston weight, and pump tube length neces-
ary to attain these velocities.

The chart shown in Figure 11 is a summary of the results of these compu-
tations for the 37mm-. 50 cal light gas gun. Maximum helium pressure is shown
in the range from 100, 000 psi to 400, 000 psi, maximum helium temperature, in
the range from 2000 to 2500°K. The results are given in terms of pump tube
lengths ranging from 5.5 to 7. 0 feet; piston weights from 1.9 to 2. 5 pounds; and
muzzle velocities from 14, 000 to 15,500 ft/sec. A compromise had to be made
between muzzle velocity and pump tube length, so a muzzle velocity of 15,000
ft/sec and a pump tube length of 7.0 feet was chosen. This gives a maximum
helium pressure of 120, 000 psi and a piston weight of about 2. 0 pounds. These
values wcre reasonable for a first design of the 37mm~-,. 50 cal light gas gun.

A study has been made on the agreement between experimental firings
of a heavy free-piston light gas gun (57mm-. 50 cal) fired by Weapons System
Laboratory and Charter's Method predictions. Figure 12 shows the agreement
between predictions and experimental results. This study indicates that, for this
gun, prcdictions using Charter's equation give optimistic muzzle velocities for
helium chamber pressures less than 95, 000 psi and pessimistic muzzle velocities
for heliumi chamber pressures in excess of 95,000 psi. However, further study
will have to be made of the agreciment between prediction using Charter's Method
and experimental results with closer control of the experimental conditions so
that they conform in part to the assumptions used in the theory,

A prediction method possessing greater design usefulness is that of the
simple isentropic compression incthod to determine the performance of the light
gas gun. In the design of the 37mm-. 50 «:al gun this method was used to predict
piston displacement-time data, which in turn were used to determine the position
of the scintillation counters for tracking the piston. The data was also used for
the design of the high pressure section of the pump tube, since it was desired
that portions of the high pressure section be as thin as possible in order that the
maximum amount of radiation from the source reach the scintillation counters.

Results from this prediction method have been compared with experimental
firings using Weapons System Laboratory's 57Tmm-. 50 cal light gas gun. In Fig-
ure 13 this comparison is illustrated. As can be seen, agreement between meas-
ured and predicted helium pressurcs is very good. Slight oscillation in the measured
pressure-time trace is betieved to be due to weak shocks moving in the gas column
betwecn the face of the piston and the rear of the projectile, It will be noticed that
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agreement between measured and predicted muzzle velocity is also quite good,

The nearly smooth rise in helium pressure indicates that the piston in the 57Tmm
pump tube is moving at a veloceity which is cither subsonic with respect to the
helium ahead of it, o1 slightly supersonic, such that any shock waves generated
are quite weak, Since the prediction method assumed no shock wave formation

or pressure gradients in the gas column up to start of motion of the projectile,

and the gun acts in a similur manner, it would be expecied that there would be

fair agrcement between prediction and experiment, This agreement has been
observed not only in the case illustrated but in others of the same type. This

type of gun is called the heavy piston gun, which can be defined as a gun in which
the piston always moves at a velocity which is subsonic to the gas being compressed
ahead of it. The opposite type of gun is the light piston gun in which the piston for
an appreciable portion of its travel moves at a velocity which is supersonic to the
gas ahead of it, Shock waves of greater or less intensity are formed in the light
gas. Attempts to obtain agreement between data from the prediction method utiliz-
ing ordinary differential equations and experimental data from the light piston type
of light gas gun have been difficult if not impossible, Thus this prediction method
should not be used for guns of this type,

The meihod of characteristics as applied to light gas gun problems has
been programmed for the ORDVAC digital computer, Programming this method on
to a digital computer proved to be a very complex process, which ultimately was
completed only for the compression cycle of the two-stage light gas gun, Memory
limitations in the ORDVAC (maximum word capacity-4096 words) prevented the
programming of the launch cycle on to the machine,  Another limitation of the
program was discovered in that the shock wave had to form in the light gas before
a sound wave from initial motion of the piston reflected off the base of the pro-
jectite, which meant that cases for which the initial piston velocity was appre-
ciubly subsonic could not be solved using this method.  Changes in the program-
ming logle to take care of such cases would have exceeded the memory capacity
of the machine.

In Figure 14 a theoretical prediction is 1llustrated using the method of
characteristics,  The gun used as an cxample is a 2Zomin-_. 50 cal light gas gun,
dimensions of which correspond to a gun fired by the personnel at the Naval
Research Laboratory.  Because of the initiation of shock limitations in the char-
acteristics program, the release pressure of the piston had to be increased to

30,000 psi. The solid lines in the figure are the piston, incident, and reflected
shoclk paths as computed by the characteristies program, Bxperimental confir-
mation of thesc theoretical resuits would require the installation of pressure
transducers at Intervals along the length of the pump tube,  Ag yet this has not
been done, nor is this data available from other sources,

Because of the digital compuier memory limitations, work on this pro-
gramming approach had to be abandoned. This program is now being used to
compare its predictions with predictions from the Richtmyer- Von Neumann ''q"
method.

The most promising approach used by this laboratory to date is that of
the Richtmyer-Von Nenmann "q' method, In this method the light gas region
between the face of the piston and the base of the projectile is divided into 50

mass clements,  In the computer catculations, the position, pressure, velocity,
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energy, and volume of these mass segments are computed for each time step
as the piston is pushed by the propellant gas into the light gas, When the pres-
sure of the mass segment next to the base of the projectile increases above a
predetermined level, the projectile starts to move. The problem is terminated
when the projectile leaves the bore of the gun. This method has been programmed
in a code which can be used interchangeably on both the ORDVAC and BRLESC
digital computers; however, all of the completed light gas gun prediction runs
have been made on the BRLESC computer. The program as coded on to the
BRLESC is quite small (1220 words) but because of numerical stability consid-
erations a problem requires a very large number of computations in order to
run to completion, A problem which takes about 5 minutes on BRLESC would
run for 30 hours on ORDVAC,

At the present time, very few computer runs have been made using this
problem. It is of interest to compare the results from this program with that
of the characteristics program mentioned previously. In Figure 14 is shown
such a comparison, The solid lines represent piston and shock paths as deter-
mined by the characteristics method for the compressor portion of the 20mm-

. 30 cal iight gas gun. The dotted lines represent piston and shock paths as
computed for the same conditions using the Richtmyer-Von Neumann'q' method.
It can be noticed that while there are differences in position of the shock path,
both paths are nearly parallel, indicating that shock velocities are nearly the
same. Differences in piston paths are attributed to different methods used in
computing the coefficient of frictional resistance between the piston and the bore
of the compressor tube,

The few results obtained from the computer to date have not allowed us
to make any comparison between predicted and experimental results.

RESULTS - TRAVELING CHARGE GUN

Theoretical results for the constant pressure traveling charge gun have
been presented in two BRL technical notes3 +{4) and these results will not be
repeated here. The results obtained, however, indicate that traveling charge
guns used to obtain hypervelocities will be quite long;

lengths ranging from
50 te 1000 feet would not be uncommon.

The more complex mathematical model of the traveling charge gun has
been programmed on to the ORDVAC computer. Figure 15 portrays the results
obtained for a typical computer run.  Presented are the pressures in the chamber

_of the gun and the pressure in the traveling charge grain, An initial pressure rise
is given to the traveling charge projectile by the burning of an igniter charge in
the chamber of the gun.  This igniter gas pressurizes the traveling charge grain,
ultimately causing the pressure inside the grain to rise. For a period of time
the pressure in the gun chamber is greater than the pressure inside the traveling
charge grain. This is calied the inflow period. Uliimately, the pressure inside
the traveling charge grain exceeds the chamber pressure and gases flow out of
the traveling charge grain, This is called the outflow period.

This outflow period
continues until the traveling charge burns out.

For the theoretical case presented
here 99. 8 grains of traveling charge propellant accelerated a 5-grain projectile
to a velocity of 17,150 fi/sec in 60 feet of travel. Unlike comparable light gas
guns, the maximum pressure experienced was about 60,000 psi,
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At the present time only a very limited number of firings have been made
in the . 625 cal traveling charge gun, so it is too early in the program to make any
comparison between traveling charge gun theory and experimental results.

As mentioned previously, the thrust stand firings were made as part of
an effort to evaluate possible propellants for the traveling charge gun. Among
the propellants tested in the thrust stand were:

1. Armour combustible cartridge case material containing
cotton liners and ammonium perchlorate

Cast rocket propellant

Cast propellant with voids provided by microballoons
Cemented ball powder propellant

Felted nitrocellulose propellant

oW N

Of the five propellants tested, the felted nitrocellulose propellant showed
the most promise in firing tests on the thrust stand. In a series of tests, grains
of felted nitrocellulose with densities ranging from 0. 86 to 1,09 gm/cc were fired
in the thrust stand. Grains whose densities were less than 0. 93 gm/cc exhibited
uncontrolled burning rates of 10, 000 in/sec or greater at a pressure range of
30,000 to 50,000 psi. Table Il gives specific impulse and overall burning rates
for grains where densities range from 0. 93 to 1. 09 gm/cc. It will be noticed
that the burning rate of the propellant decreases as the density increases and
that in gencral the specific inipulse of the propellant increases as the density
increases.

TABLE 11

Density Length Isp Burning Rate
gm/cc in sec in/sec
0.93 2. 94 80 8400

0. 94 3.375 110 8440
1.03 2.5 73 4200
1.06 3.25 135 4330
1.09 1.75 171 43175

DISCUSSION

As was mentioned previously in both papers presented at the 4th Sym-
posium in Ilypervelocity Impact, we are limited in the advancement of both
programs by the lack of adequate experimental data. Work with the heavily in-
strumented 37mm - . 50 cal light gas gun is expected to provide some data which
can be used to verify the highly developed theories concerning the light gas gun.
In addition, other investigators are beginning to instrument their guns, so we
can expect in the future to sec greater effort being expended in developing a
sounder design for these guns.
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Currently, light gas gun work in the Interior Ballistics Laboratory will
consist of using the predictions supplied by the Richtmyer-Von Neumann "q"
method to guide experimental work on the instrumented light gas gun. Concur-
rently the theoretical method will be used to design a 37Tmm - . 50 cal light gas

gun which will be capable of accelerating projectiles to velocities in excess of
20, 000 ft/sec.

It is also planned that the Richtmyer-Von Neumann''q''method will be
revised so as to account for real gas effects and heat losses from the light gas
to the wall of the bore., Attempts will also be made to use this program for a
3-stage gun such as the shock-heating light gas gun devised by Bioletti,

Theoretical work on the traveling charge gun is considerably more
difficult than theoretical wurk on the light gas gun; so at the moment traveling
charge gun theory is not as well advanced as that for the light gas gun. Some
effort will be made to apply the principies developed for the light gas gun to
traveling charge gun theory.

Meanwhile development of a hypervelucity traveling charge gun will
rely heavily on experimental work.
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EXPERIMENTS WITH A TWO MILLION VOLT
ELECTROSTATIC ACCELERATOR
J. F. Friichtenicht

Space Technology Laboratories, Inc.
Canoga Park, California

I. INTRODUCTION

Previous papers 1,2 discussed the pertinent aspects of accelerating
charged particles by electric fields for hypervelocity studies and described the
opcration of a 120 kilovolt accelerator. This work demonstrated the feasibility
of the electrostatic method and indicated that an electric accelerator would be
a valuable supplement to the more conventicnal light gas gun and explosive tech-
niques. A two million volt particle accelerator designed to increase the particle
size and velocity ranges previously available from the 120 kilovolt accelerator
has been constructed and tested at the Research Laboratory of Space Technology
Laboratories. A description of the accelerator and a discussion of experiments
performed using it are included in the following sections.

The velocity attained by a charged particle in an electric accelerator is
limited only by the charge to mass ratio of the particle and the total accelerating
voltage to which it is subjected and is given by v ,273. V)”z. Let us first consider
the problcm of charging the particles. The presence of charge results in an elec-
tric field at the surface of the particle. The maximum positive charge which can
be placed on a particle is that which produces an electric field sufficient to evapo-
rate ions from the surface. A method of depositing charge on particles by contact
has been described elsewhere !+ 2 and results in charge to mass ratios for iron
spheres ranging from about 85 coulombs/kilogram for 0.1 micron radius particles
to about 0. 85 coulombs/kilogram for particles of 10 microns radii, Larger values
are obtained for particles of less dense materials. These values are lower than
might be attainable by other techniques but the simplicity and ease of operation of
the contact charging method appear to fit best the needs of this particular application.

Using the experimental values of charge to mass ratios as a basis, the
accelerating voltage required to obtain given velocity and size ranges is easily cal-
culated. These considerations as well as questions of cost and versatility led to
our choice of a commercially available voltage generator as the main component
of the electrostatic accelerator. A two million volt Van de Graaff accelerator was
obtained from High Voltage Engineering Corporation and subsequently modified.
The solid line in Figure 1 indicates the predicted performance of this device
using a nominal accelerating voltage of 1. 75 million volts and iron particles with
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charge to mass ratios as indicated above. The points on Figure 1 are the results
of a typical set of experimental measurements made upon completion of the par-
ticle accelerator and show generally good agreement with the predicted per-
formance.

1I. MODIFICATION OF THE ACCELERATOR

The modification of the Van de Graaff was accomplished by removing
most of the compongcnts of the positive ion source and associated circuitry from
within the high voltage terminal and replacing them by the particle charging and
injection mechanism, Among the components retained for integration into the
new systcm were two 300 watt, 400 cps belt-driver alternators to supply primary
power, a low voltage D. C. power supply, and the focus power supply. The re-
mote control system which consists of selsyn and solenoid driven lucitc rods
extending from ground to the high voltage terminal was also retained.

A drawing of the mechanical portion of the charged particle injector is
shown in Figure 2 and its operation is as focllows: The source of particles, in
the form of a powder, is placed in a rectangular cavity. During operation, the
assembly supporting the charging electrode and that containing the powder are
initially at a high positive potential. The particle reservoir is pulsed to a lower
potential which produces an electric fieid between the elements. The field in-
duces a net charge on the particles on the surface of the bed of material and thus
produces an electrical force on those particles. When'this force exceeds those
of gravity and cohesion, the particle is lifted from the bed and accelerated across
the gap. Actually, a nuinber of particles are lifted almost simultaneously and
form a civuda which has properties similar to those of a gas. Some of the particles
within the cloud diffuse from within the reservoir through the horizontal holes in
the electrode assembly into the region of the charging electrode. Since the mating
flange is at ground potential, an electric field always exists between thc flange and
the elcctrode assembly. The particles are accelerated by the electric field back
and forth across the gap, exchanging charge each time they touch a surface. The
fields are shaped so as to direct the particles toward the charging electrode.
Once a particle comes in contact with the electrode it develops a much larger net
charge and is forced away from the electrode. Some of the highly charged par-
ticles pass through the small entrance hole into the accelerating region to the

left, where they are subsequently accelerated through the entire accelerating
voltage.

A block diagram of the circuit wiring within the high voltage terminal of
the accelerator is shown in Figure 3. Control of the circuits is accomplished by
means of plastic rods which extend the length of the accelerator column and are
driven by selsyns or solenoids as indicated. The c¢harging and injection mech-
anism requires an clectrode power supply and a high voltage pulser to pulse the
reservoir. High voltage is supplied by a half-wave voltage doubler circuit vari-
able from 0 to 28 KV D. C. The output of the pulser is a flat topped pulse about
10 milliscconds long whosc amplitude is variable from 0 volts to almost the full
voltage of the power supply.

The existing focusing system was found to be adequate and was retained
for incorporation in the completed particle accelerator. Calibration curves
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giving the best focus conditions for wide ranges of electrode voltage and accelerator
voltage were obtained. It was found that about 90 percent of the particles injected
into the accelerator tube could be focused into a 3/16 inch diameter spot.

Figures 4 and 5 are photographs of the completed accelerator. Figure 4
is a rear view of the accelerator showing the pressure vessel and the concrete
radiation shielding, The high voltage terminal and accelerating column are con-
tained within the pressure vessel, The experimental area of the accelerator is
shown in Figure 5. The control console is located at the left while the acceler-
ator tube extension can be seen extending from within the concrete enclosure.

1II. EXPERIMENTAL TECHNIQUES

An active experimental program using the accelerator is in progress.

Most of the work so far has been done under the terms of NASA Contract NAS5-
763, Subcontract No. C135A-1043 and has been concerned with those properties
of high speed impact which might prove useful in micro-meteor detection sys-
tems, Effort has been concentrated on studies of impact ionization and impact
light emission and tests involving acoustical detectors. The results of experi-
ments on the light flash and ionization effects will be described in another paper
while tests of the acoustical detectors will be described below to illustrate the
operation of the accelerator.

In all of the experiments on transient phenomena the projectiles were iron
spheres ranging from about 0.2 micron radius to about 1, 5 microns radius., The
smaller particles achieved velocities up to about 12 km/sec and the larger ones
as low as 2 km/sec. The average particle was about 1.5 microns in diameter
and had a velocity of about 5 km/sec, In all cases, however, the velocity and
mass of each particle was measured prior to impact and correlated with the
ooserved phenomena,

The charge on each accelerated particle is determined by measuring the
amplitude of the voltage signal induced on a cylindrical drift tube of known
capacitance as the particle passes through it. The duration of the observed signal
is simply the transit time through the tube. From this the velocity can be deter-
mined. The mass of the particle can then be computed from m = 2qV/v2 where
V is the total accelerating voltage. Since the particles are spherical, the radius
can readily be determined. Techniques for measuring the trajectory of the par-
ticle through the detector have also been developed1 and these allow the cor-
relation of particle parameters to observed impact sites.

For the most of the dynamic measurements the detector signal was
amplified and displayed on one trace of a Tcktronix 551 dual-beam oscilloscope.
The information from the experiment in question was displayed on the other
trace. Generally, the oscilloscope was set to trigger on a signal from the de-
tector. Photographs of the observed traces were made for data reduction pur-
poses. The length of the detector was tailored to fit specific experiments and
many different detectors were used during the course of this work, This
arrangement provides a time base for time-of-flight measurements to insure
an exact correlation between observed particles and observed impact effects,
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Figure 4. Rear View of the Two Million Volt Accelerator.
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It might be instructive to include a brief qualitative discussion of errors
in measurement at this point. Perhaps the largest single source cf error is that
of the measurement of pulse height and length from the photographs. There is
usually quite a large variation in these quantities due to the size variation of the
particles used. The gains are usually adjusted so that the larger signals remain
visible on the oscilloscope screen, Consequently, some of the smaller signals
may have deflections of only a centimeter or so and it is difficult to measure
these signals to within ten percent. The same reasoning applies to pulse duration
and to signals observed from the phenomena under study. In some caseg, pre-
cision is further sacrificed to preserve a cert*ain time relationship between
detector signals and specific impact effects. In general, the relative errors are
greater for smaller signals. Most of the experimental information is probably
dependent upon surface conditions of localized areas. It is possible that there
might be significant differences in these conditions during the course of any one
experiment, All of these things contribute to the spread in data which is evident
for most of the results shown in the following section. Most of the error can be
reduced by improved techniques but at the sacrifice of quantity of data obtained.
Future measurements will probably be refined to eliminate most of the errors
discussed in this section,

The accelerator itself is manually controlled by the operator, Parlicles
are injected and subsequently accelerated at the discretion of the operator. The
number of particles injected at one time can be coarsely adjusted from the
control console, For most of the work to be described, only a few particles (and

frequently one or none) were accelerated at any one time, This simplified cor-
relation of observed results,

IV. TESTS OF THE ACOUSTICAL DETECTOR

The acoustical detector 3 has enjoyed the most widespread use in direct
measurements of micrometeorites from satellite vehicles. Such a detector con-
sists of a crystal transducer which is mechanically coupled to a metallic plate of
large area, The crystal is sensitive to mechanical vibrations of the plate caused
by the impact of a meteorite. An electrical signal is produced by the crystal
which is amplified and subsequently transmitted in an appropriate fashion.

It has been shown that the electrical impulse is proportional to the momen-
tum of the impinging particle, This has been verified by experimental measure-
ments of both elastic and inelastic impacts. The measurements described in
the following paragraphs were made to extend both the size and velocily of the
calibration particles, The use of particles from the electrostatic accelerator
reduces the momentum by about four orders of magnitude compared to the
momenta of particles previously used for calibration purposes, This reduction
caused experimental difficulties, however, because the detectors provided for
use by the NASA were not sufficiently sensitive to be used directly and modifi-
cation was required in order to make measurements. The results of the meas-

urements are quite general in nature, though, and are adequate for describing
the phenomena involved,

A sample crystal transducer was given to us by the NASA for study, It
consisted of a*cylindrically shaped lead zirconate crystal encapsulated in an
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aluminum can. Its natural frequency of vibration was about 100 KC. Early
experiments showed that impacts on an aluminum plate which was coupled me-
chanically to the can failed to produce measurable signals. The alumirum plate
was removed and particles were allowed to impinge on the face of the can. In
this case signals were observed but it was apparent that shock waves reflected
from support members impaired the validity of the measurements. As a con-
sequence of this, the crystal was removed from the can and suspended in a
rubber grommet with its axis parallel to the beam cf particles from the accel-
erator. The face of the crystal exposed to the impinging particles was coated
with conducting silver paint and electrically grounded. The signal from the
crystal was picked up by means of loops around the ends of the crystal.

The observed signal was fed through a wide band amplifier and displayed
on an oscilloscope in the usual manner. This results in an exponentially de-
creasing signal as illustrated in Figure 6-a. (The signal illustrated resulted
from a glass bead dropped from a height of a few centimeters.) The presence
of low frequency noise restricted the use of this technique to simply measuring
frequency. To reduce some of the noise problems the amplified signal was fed
through a relatively low @ resonant circuit which was tuned to the resonant
frequency of the crystal. This circuit is shown in Figure 6-b and a typical
observed signal is illustrated in Figure 6-c. The amplitude of the transducer
signal was measured at the point of maximum excursion from the base line, It
can be shown that the signal at the output terminals of the tuned circuit is given
by

ot it

2Qc 2Q
v-vo e Asin(mt-o'-ﬂ)-o-e B s8in (wt + 6)

where V., is the amplitude of the first half-cycle of the crystal output, Q. is
the Q of the crystal, Q is the Q of the tuned circuit, @ is the angular
frequency of vibration, and A and B are constants. Thus, the measured sig-

nal is proportional to the electrical impulse produced in the crystal by a high
speed impact.

It is reasonable to assume that for particles of constant mass the ampli-
tude of the observed signal can be writtenas V = F (v) v where V is the
amplitude defined above and F{(v) is a function which depends upon the nature of
the impact. There are essentially three kinds of impact which should be con-
sidered. These are elastic impacts, completely inelastic impacts, and inelastic
impacts enhanced by the expulsion of material from the crater which increases
the amount of momentum imparted to the crystal. According to Reference 3,
the additional momentum imparted by the expelled material is about two and one-
half times the initial particle momentum at 70 km/sec and less than that for
lower velocities. It is likeiy that all of the impacts observed in this work were
of the latter type. For this reason, the microphone signal was normalized to
the mass of the particle and plotted as a function of particle velocity in Figure 7.

There has been some conjecture that the impulse'delivered to the crystal
is proportional to the square of the velocity. It is evident from Figure 7 that the
data are not of sufficient precision to justify a choice between a velocity or ve-
locity squared dependence. However, solid curves for each possibility are
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shown on the figure, Each curve was arbitrarily normalized at the open circle,
Except for three points it appears that the velocity dependence is a slightly
better fit,

If one makes the assumption that F(v) is a slowly varying function over
the velocity range of interest, it can be replaced by a constant. This implies
that the microphone signal is proportional to the momentum of the impacting
particle. The data of Figure 7 are replotted to test this hypothesis in Figure 8.
Again it is clear that the large spread in the data points prohibits the establish-
ment of a precise relationship, Also, the range of momentum available is quite
small. To obtain an independent calibration point with a different value of mo-
mentum, plastic beads weighing approximately 100 micrograms were dropped
on the face of the crystal from a known height. This was done in air but no drag
corrections were made nor was the observed departure from an elastic impact
taken into account. However, the computed value of momentum was probably
accurate tc better than ten percent which is at least as good as our other measure-
ments. Using this point and the origin as the other, the elastic impact line shown
in Figure 8 was obtained. Our hypothesis that F(v) is a constant is undoubtedly
violated but the experiment illustrates one significant point, Ncarly all of the
data points obtained with the high speed particles lie above the elastic impact
line, This tends to indicate that the ejected material imparts at least as much
(and in most cases more) momentum than docs thc impacting particle over the
velocity range studied.

Surface irregularities of the impacted area might account for some of the
scatter in the data, Therefore, measurements were made using a plate of chemi-
cally polished aluminum which was glued to the crystal face, Optical examination
indicated that the surface was quite smooth and little evidence of surface im-
perfections could be observed. The results of measurements using this arrange-
ment are shown in Figure 9. The spread is still quite large and it is not at all
evident that the situation was improved by this means. It is apparent, though,
that the data is in quite good agreement with the data obtained with the silver
coated surface.

In future work, efforts should be made to improve the precision of the
measuremecnts so that a better detcrmination of velocity dependence can be made.
A more sensitive crystal would facilitate the measurements as well.

V. SUMMARY

A two million volt electrostatic hypervelocity projector has been con-
structed and tested and is presently being used in a program of hypervelocity
research, The device has been found to be particularly well suited for labora-
tory micro-meteor simuiation. Velocities up to 14 km/sec have been observed
using spherical iron projectiles. A limited amount of work using carbon part-
icles has been done. The lowcr dcnsity of the carbon results in larger charge
to mass ratios and velocities up to 25 km/sec have been observed. Problems
associated with handling of the carbon particles have prevented systematic
studies as yet but work is continuing on this program.
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CONCLUDING REMARKS
H. F. Swift

U.S. Naval Research Laboratory
Washington 25, D. C,

During the past 18 months the maximum velocity capability of all major
types of hypervelccity ballistic accelerators has been substantially increased.
At present, gas guns are capable of accelerating small plastic cylinders to 10
km/sec, and explosive accelerators have launched beryllium rods to velocities
above 20 km/sec.

The most direct advance in light-gas gun technology since the 4th Hyper-
velocity Impact Symposium has been the construction of a group of guns capable
of accelerating small, low density projectiles to velocities betwecn 7.5 km/sec
and 10 km/sec. Advanced models of both shock heated and adiabatic compression
guns have been developed to reach these performance levels, and a new concept
of utilizing piston deformation for increasing peak compression ratios has been
applied. Of more bhasic significance, however, has been the dcvelopment of com-
putational techniques capable of accurately predicting the performance of light-
gas guns. These techniques have proven accurate over a very wide -range of gun
design and operation parameters, Since empirical data associated with a par-
ticular gun-firing situation are not required, these techniques can be used to
estimate the results of firing situations not presently attainable with greater
assurance than was possible in the past. Such computational techniques are
presently being used for the design of gas guns with higher performance capa-
bility than is presently attainable, and for the evaluation of techniques that may
increase maximum gas gun performance, such as pre-heating of the driver gas.

The biggest advances in explosive accelerator technology achieved during
the last 18 months arc the further perfection of the cavity charge, and the initial
development of the cy!iudrical liner charge. At prcsent, the explosive cavity
charge may be considered as a research tool although considerable effort is being
placed upon its additional development. The cylindrical liner charge is still in
an early stage of development, but its presently demonstrated veiocity cabpability
with a limited number of materials assures its future importance., Techniques
have also been developed for utilizing the train of hypervelocity pellets generated
by a conical liner charge for the study of individuat hypervelocity impacts.

A group of specialized ballistic accelerators has become increasingly im-
portant within w.e past 18 months. At present, many of the micrometeroid impact
studies where s.ngle impacts must be considered are being conducted using elec-
trically powered micrometeroid simulators. Other techniques presently under
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development should find application for the launching of distributed mass projectile

and low-strength projectile packages to hypervelocities using very low peak
accelerations.

In the near future, the peak velocity capability of gas guns can be expected
to inerease, The maximum mass and density of projectiles being launched should
also increase sharply as planned new facilities go into operation, The maximum
velocities presently attainable with gas guns cover at least most of tlle velocity
regimes of interest for several important ballistic applications, Therefore, a
change in the main emphasis on accelerator development programs can be expected
toward the development of techniques for accelerating as wide a range of models
as possible to maximum velocities up to 10 km/sec. The major areas of effort
for such programs will be the reduction of peak model acceleration during gun
launch and the development of sabots capable of withstanding these accelerations,

Considerable future effort in explosive accelerator technology improvement
programs may be expected in the further development of cylindrical liner charges
to the point where various pellet materials can be accelerated to near their theoreti-
cal maximum velocities, Development of other explosive acceleration techniques
should also continue, and more emphasis may be expected on the development of
diagnostic instrumentation for the evaluation of explosive charge performance,
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INTRODUCTION TO THE THEORY SESSIONS
Floyd E. Allison

Ballistic Research Laboratories
Aberdeen Proving Ground, Maryland

One purpose of an introductory paper is that of defining the problem in
its broad aspects. This has already been done in an excellent paper by Hopkins
and Kolsky( ), which was presented at the Fourth Hypervelocity Impact Symposium,
Another purpose of an introductory paper could be to outline in a general way var-
ious approaches that have been suggested for solving the problem. In the case of
hypervelocity impact, the approaches that have been suggested range from rigorous
solutions based on fundamental mechanics with assumptions concerning the domin-
ant forces to numerous theoretical models based on sweeping assumptions concern-
ing the mode of deformation as wcll as the dominant forces. Of course, the degree
of approximation introduced by such assumptions depends on how clcsely the dom-

inant forces and assumed mode of deformation represent those actually encountered
under impact conditions.

Historically speaking, the astronomers were the first scientists to become
interested in the mechanics of hypervelocity impact. The problem of crater forma-
tion was considered in 1936 by 6pik , who proposed a theoretical model for the
problem of meteorite impact and proceeded to make calculations using basic prin-
ciples of mechanics. In his analysis, Opik assumed that:

1. The earth or rock into which the meteorite is penetrating behaves as
an incompressible fluid with a finitc yield strength: i.e., the pressure resisting
the forward and radial motion each consist of two terms:

p=1/2p 22 fk
p'=1/2p 12 f Kk (1)

where » is the density of the material into which the meteorite is penetrating.
The vclocity dcpendent terms represent the inertial or hydrodynamic resistance
and the parameter k represents the resistance to plastic flow or rupture.

2. The pressures resisting the forward and the radial motions are related
by the strong form of Bernoulli's equation. (This is a definite assumption since
the pcnetration by the meteorite is not a steady-state process.)

3. The meteorite is assumed to flatten at right angles to its direction of
impact. The apporoximations introduced by each assumption could be a subject
for discussion. Howcver, thc last assumption is probably the most controversial
because it imposcs a priori a specific flow pattern for the meteorite,
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There appears to be no further work done on the problem of meteorite
impact until the possibility of constructing space vehicles was seriously considered
and possible damage due to collision with meteoroids became important. In 1947
Whipple (3) proposed that S()ace vehicles could be protected by a meteor bumper,
and, in 1948, Grimminger 4) published a paper in which he considered some aspects
of the impact problem, With regard to the penetration of a meteoroid, Grimminger
assumes:

1. The meteor is not deformed by the impact,

2. The force resisting the motion of the meteoroid is a dynamic pressure
proportional to the square of its instantaneous velocity if the velocity is § times the
velocity of a plastic wave: i.e.,

F - (1/8) Cpe D V2, @)

where D is the meteoroid diameter; p ., the density of the material through which
it is penetrating; and CD , the drag coefficient,

3. For V less than 5 times the velocity of a plastic wave the penetration
is given by one of the armor penetration formulae. Again, it should be noted that
the mode of deformation for the meteuroid has been specified a priori, in this
case zero deformation.

Although the penetration of a shaped-charge jet is not specifically applicable
to the problen: of meteorite penetration, the impact velocities encountered approach
10 km/sec during the initial stages of jet penetration. Because the theory of jet
penetration has been verified by direct experimental observations, it is not inap-
propriate to examine the physical assumptions used to develop this theory and to
note, in particular, the points at which the problem of metcorite penetration differs
from that of a shaped-charge jet. It was realized during the early 1940's that the
dynamic pressure produced by the impact of a shaped-charge jet greatly exceeded
the yield strength of the mectals involved and a hydrodynamic theory was proposed
by Pugh (5 Phe basic assumptions of the theory were:

1. The target and jet behave as incompressible fluids.
2. The flow is assumed to be in a steady state when viewed from a frame
of reference moving with the penetration velocity so that for the streamline along

the axis of symmetry, the stagnation pressure is given by:

ps = 1/2 Py U = 1/2p v-u? @)

3. The penetration ccases when the jet velocity becomes sufficiently low
that it cannot overcome the yield strength of the target material. The last assump-
tion was necessary because it was realized that shaped-charge jets contain a
complete spectrum of velocities ranging from about 10 km/sec at the front to some-
what less than 1 km/sec at the rear.

In order to apply the shaped-charge theory to hypervelocity impact problems
it is necessary to modify the third assumption. One could, for example, assume
that the projectile behaves as a short steady-state jet and that the penetration
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ceases as soon as the rear surface of the jet comes in contact with the target,
Under this assumption the penetration depth is given bv P 3fp ;/p¢ 2 .

where £ is the length of the projectile. Rostoker estimated the mass of the
meteorite that produced the Barringer Crater using this approximation. However,
he cautioned that his estimate should not be taken seriously because the assumed
flow configuration would not necessarily be applicable to a meteorite. It is im-
portant to realize again that a specific flow configuration has been assumed,

First of all, the assumption of steady-state hydrodynamics, which was known to
be a good approximation for a long jet, is questionable because a meteorite is
sufficiently short, relative to its diameter, that a steady flow configuration may
not be established. More important, it has been demonstrated, at least for
ductile materials, that assuming the penetration to cease as soon as the trailing
edge of the projectile reaches the target surface introduces a very large error.

It is now apparent that a short hypervelocity projectile imparts a sizable quantity
of kinetic energy to the target material which ultimately must be carried away
from the target as thermal and kinetic energy of the ejecta or transformed to
thermal energy of the target itself by various dissipative mechanism. While the
kinetic energy is being dissipated the crater continues to form by a process loosely
described as secondary flow or cavitation, Of course, it had been realized that such
an effect existed for shaped-charge jets, but the contribution of the secondary flow
to the total penetration could be neglected in comparison with the primary pene-
tration predicted from equation (3).

Thus far, all approaches to the hypervelocity impact problem have been
based on incompressible hydrodynamics. However, experimental work initiated
in 1945 by Goranson (1) and his co-workers has yielded much information concern-
ing the compressibility of metals at high pressures *”/, The theory of jet pene-
tration, which is based on incompressible fluid flow, is obviously an approximation;
and, it is interesting to examine the degree of apprcximation involved, Eguation
(3) provides a relation between the penetration velocity U and the imgjact velocity
V . The cxperiments reported by Eichelberger (9 have shown tgat this relation 2
is a good approximation. However, the identification of 1/2p¢ U or 1/2PJ~(V-U)
with the stagnation pressure is considerably less accurate, Theoretical estimates
of the effect of compressibility on the calculated penetration velocity have been
made by Rostoker (10) and perhaps others. Some estimates based on the more
recent L.os Alamos data indicate that, for steady-state penetration of a tungsten
jet into a lead target with a penctration velocity of 3, 26 km/sec, the impact veloc-
ity predicted from the incompressible theory will be 4 percent too low; the stag-
nation pressure, 22 percent too low; and the stagnation density, 40 percent too
low. For hypervelocity inipact in ductile materials, the steady-state situation
described by equation (3) is a small fraction of thc process. Therefore, gffects
of compressibility can be expected to play a much more important role, and may,
in fact, be a dominant factor.

Further work on hypervelocity impact includes theoretical calculations of
the initial pressure by Gilvarry and Hill 1) in 1956. Their calculations were
based on a one-dimensional shock analysis using eauation of state calculated from
the Thomas-Fermi statistical model of the atom (12) Unfortunately Gilvarry and-
Hill did not proceed to develop the mechanics of the impact process, but used the
computed high values of the pressure and temperature as confirmation of the
"explosion hypothesis" 13} for the origin of the lunar craters.
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The development of high-speed digital computers with large memory
capabilities opened the way for calculations based on non-steady compressible
hydrodynamics in more than one space dimension, However, it was soon dis-
covered that shock discontinuities were very diffficult to handle even on the
digital computers. This major obstacle was satisfactorily overcome by the
introduction of the Von.Neumann-Richtmyer (14) Q method, which introduces
a pseudo-viscosily into the calculations. By this technique the shock discon-
tinuity is "'smeared out" over a few mesh points and the computations are car-
ried out using the resulting continuous functions,

The first application of a hydrodynamic code to the problem of hyper-
velocity impact was reported in 1958 by Bjork (15) who-made computations of the
craters produced by hypervelocity impact of steel projectiles on steel targets.

It should be noted that this approach eliminates the basic objection that the flow
pattern has been either partially or wholly specified a priori, However, the flow
pattern has been specified to the extent that it must satisfy the differential equa-

tions governing compressible fluid flow. Perhaps the biggest unanswered question
revolves around whether or not the shear strength and viscous forces are important,
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MATHEMATICAL ME I'HODS IN THEORETICAL MECHANICS OF
HYPERVELOCITY IMPACT OF METALS
H. G. Hopkins

The War Office
Armament Research and Development Establishment
Fort Halstead, Sevenoaks, Kent, England

INTRODUCTION

The present series of Symposia on hypcrvelocity impact is characterized
in a most striking manner by the variety of people taking part -- engineers, physi-
cists, and mathematicians. However, this is by no means an uncommon situation
in much of the current work in the general field of solid mechanics. It is of course
a matter not only of intrinsic interest but also one of great importance, particularly
for those who are responsible for the initiation and direction of research in the
present subject, to be aware of and to appreciate the individual contributions possible
by people of differing expertise and also the complementary relations between these
contributions. Although I do not propose to discuss this matter, generally, I should
like to direct attention to a particular aspect of it which I believe to be of crucial
importance: namely, the place of mathematical methods. Discussion of this ques-
tion is not only worthwhile in itself, but for my own purpose here it has the further
merit of being the means of unifying the content of this paper as a whole,

The paper is summarized as follows. It gives a discussion of the place of
mathematical methods in research into the theoretical mechanics of impact phe-
nomenology of metals. The relevance of investigations of nonlinear stress-wave
propagation to the mechanics of hypervelocity impact is made clear. In conclusion,
reference is briefly made to some recent studies at A. R, D, E. of stress-wave

propagation, which involve attention to rate-of-strain and nonlincar compressibility
effects.

PLACE OF MATHEMATICS IN SCIENTIFIC RESEARCH

The place of mathematics in research into scientific subjects is often
discussed, but nevertheless I do not feel that any apology needs to be made for
giving some attention to this question in connection with the special interests of
this Symposium. My concern is with applied mathematics rather than with pure
mathematics, when the former discipline is taken to embrace quite generally all
attempts to further our understanding of a science by mathematical methods. The
essential difference between pure mathematics and applied mathematics is that the
motivations and the objectives are different in the two cases, but this does not
imply any difference in the standard of the mathematics per se involved. Naturally,
the details of the approach made and the mathematics done vary widely with the
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particular situation concerned, but nevertheless some general remarks may be
made on the broader aspects of the role of the mathematics that is undertaken.
There are two categories of situafions distinguished by whether or not a fundamental
mathematical-physical investigation is demanded. Thus, the situation may merely
necessitate thc development or applieation of a well-attested theory, such as elas-
ticity theory. On the other hand, the situation may require the use of mathematics
in first helping to understand the ohysical processes involved, attention naturally
being focused on the design of experiments and on the interpretation of data obtained
thcrefrom. This one is the more interesting and important, and it therefore merits
some further discussion,

It is vital to recugnize that experimental data bearing upon a physical situa-
tion, these data often being accumulated at the expenditure of much time and effort
and money, generally have no long-term value except when they are finally inte-
grated in the form of sound theoretical treatments. This remark is not to be taken
to deny the fact that experiment is often not io be replaced as a means of answering
some definite and specific questions. However, scientific progress is possible
only when physical data are amenable to quantitative study, and mathematics is the
natural language in which to express and to develop the processes involved. Thus,
the essentials of the approach te physical situations lie in the interplay between
physical ideas and mathematical methods -- the latter enable the former to be ex-
pressed in a precise quantitative form, and they may then be checked both theoreti-
cally and experimentally. A physical idea only becomes acceptable when this is
done, and then, when cloaked in mathematical form, it provides the basis of a
mathematical-physical theory. It now becomes possible to give attention to detailed
theoretical examinations leading towards the derivation of specific results or pre-
dictions. Of course, it may well happen that the mathematics required is too
difficult: in this event, it is not possiblc to attack directly some situations of interest,
and these must therefore perforce be studied indirectly, often in terms of simpler
but related situations. If the procedures just described can be successfully carried
through, there is then confidence in applying a theory without the need to verify
directly the results it predicts. Thus, the final outcome is a complete grasp and
control of the physical situation with the allied result of being able to treat com-
parable situations with economy of data and effort. Clearly, much depends upon
the skill of the mathematician. Engineering situations often involve a considerable
degree of physical uncertainty as well as complexity, and they are notoriously
difficult to deal witli, but mathematical investigations of such situations are still

of the utmost value, even when it is not possible to develope mathematical-physical
theories of sufficient completeness.

I have deliberately limited the foregoing discussion on thc place of mathe-
matical methods in scientific and engineering research, only some of the more
basic ideas being sketched. However, it may be noted that more extensive and
highly illuminating discussion has been given by Lighthill (1), Taylor (2), and Biot
(3), whose papers have provided the main souree of inspiration for my own re-
marks, I shall now pass on to discuss more specifically the place of mathemati-

cal methods in studies of the theoretical mechanics of hypervelocity impact of
metals.
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HYPERVELOCITY IMPACT OF METALS

The subject of impact in metals or other solid materials is extremely
involved, due mainly to the complexity of mechanical behaviour and to the large
number of physical and geometrical variables. At the Fourth Symposium, Hopkins
and Kolsky (4) drew particular attention to the fact that hypervelocity impact
results in the unsteady motion of the target and projectile materials occurring
over combinations of fundamentally different physical regimes corresponding to
different types of mechanical behaviour, In brief, hypervelocity impact is not a
subject amenable to very precise theoretical treatment,

In experimental work on hypervelocity impact, there is still a need for
collecting data on craters per se, But there is a far greater need now for collect-
ing data on the actual particle motions occurring in the development of crater
surfaces and also on the stress pulses propagated outwards from craters into
targets, and more detailed studies of the permanent deformations surrounding
craters would also be of much interest, The entire situation is a complicated one,
and it is far too involved to permit unravelling as it stands in the absence of basic
data relating to the pertinent mechanical behaviour of solids which must provide
the starting point for a study of the integrated phenomena as a problem in the mech-
anics of continua. However, the experimental observations above could certainly
provide a much improved picture of the events that take place, and their analysis
would give some guide as to the levels of stress-amplitudes and rates-of-strain
and perhaps to the overall partition of energy that are involved. It is possible
of course often to correlate such data in terms of simple empirical formulae but
this procedure in itself does not lead to improved physical understanding of the
situation, and in fact, as I have already said, these data have no real permanent
value save when assimilated into a sound physical theory.

Current progress in the proper interpretation and co-ordination of
experimental data on hypervelocity impact is severely restricted by the almost
complete lack of basic theoretical studies of the situation. The general reasons
for this circumstance are not far to seek, and, with their appreciation, it be-
comes possible to make suggestions for the lines of research that appear most
likely to be needed to help to achieve progress, Excluding certain aspects of
material behaviour such as fracture and basic changes in metallurgical structure,
problems of the mechanics of impact are described in terms of continuum theories
for which the governing equations essentially represent the propagation of non-
linear stress waves, Effectively, the physical and geometrical changes produced
during impact are the result of the operation of complicated wave-type phenomena.
Elsewhere (see Ref. 5), I have discussed the present state of research concerning
nonlinear stress-wave propagation in metals, and I drew particular attention to
the need for further work on the mechanical behaviour of metals under conditions
of high rates-of-strain and high pressures. Such work is needed to lead t.. the
construction of constitutive equations, which characterize sufficiently well the
mechanical behaviour of metals under these conditions; and these equations are
the most important single ingredient in continuum theories,

It should be ncted that the construction of constitutive equations is itself

an area in which mathematical methods have an important role to play (see Refs.
5 and 6). Broadly speaking, of the effects associated with high rates-of-strain

107




MATHEMATICAL METHODS IN HYPERVELOCITY IMPACT

and high pressures, il is undoubtedly the former that are proving to be the more
difficult ones to investigate in quantitative physical terms, Rate-of-strain effects
are being actively studied (see, for example, Ref. 5), but there are still very
considerable practical difficulties associated with the design of adequate mechanical-
testing techniques and with the proper interpretation of the data obtained. For cer-
tain metals at least, there seems to be no reason to doubt that rate-of-straineffects
are important even under quite moderate dynamic conditions, but precise quantita-
tive data and sufficiently realistic and general constitutive equations embodying these
data can scarcely be said to have yet been obtained. This is an important area of
research in solid mechanics, and 1 feel that much more attention needs to be given
to it.

The joint efforts of mathematicians and physicisis may confidentiy be
expected to lead ultimatcly to the construction of realistic constitutive equations
describing quite complicated types of mechanical behaviour for metals, and indeec,
this is well recognized to be one of the major ohjectives of plasticity theory (see,
for example, Ref. 7). However, the power of the mathematician (even with the aid
of modern computers) to solve problems of continuum theories, embodying even
relatively simple constitutive equations, is still limited to comparatively simple
situations, Unfortunately, it is not the case that hypervelocity impact is one of
these situations. The circumstance of axial symmetry (assuming that this does
apply) itself represents considerable complexity (in comparison say with that of
spherical symmetry), and the presence of a deforming boundary is a major compli-
cation. It must therefore be recognized thata direct attack on the problem of crater
formation is unlikely to be profitable, and much more progress is likely to result
from an indirect attack., In my opinion, the most promising line of attack is to
discuss first problems of the dynamic expansion of spherical cavities, and this
appears to be quite feasible even when the assumed mechanical behaviour is
relatively complicated, e. g., when shock waves occur (see Ref. 8), The result
of this work would be a very comprehensive knowledge of the mechanics of the
formation of spherical cavities in extended and finite media under dynamic condi-
tions, which would, of course, include a quantitative assessment of the effects of
high rates-of-strain and high stress-amplitudes.  This knowledge could then be
applied to suggest simplified trcatments of the problem of crater formation, which
in turn could be applied to the quantitative analysis of hypervelocily impact data.
All this may seem to some of you to represent a rather long train of thought, but
nevertheless the approach proposed does seem to represent a useful one for con-
sideration at the present time. The success of any proposed approach depends
ultimately upon thc evolution of a simplified theory of crater formation, which is
in accord with the saiient known facts for hypervelocity impact, and which enables
predictions to be made, particularly in respect of impact velocities higher than
those that can be achieved at present under controlled laboratory conditions, Of
course, one must be careful in adopting preconceived ideas in attacking a compli-
cated physical situation, but the approach (or one closely similar to it) that I have
outlined should enable a correct physical picture of thc mechanics of hypcrvelocity
impact to be gradually built up. 1have not discussed approaches bas- 4 upon fluid
mechanical behaviour of the projectile and target materials, but their status is
likely to resemble that of corresponding approaches made in the early w« ~k on
shaped charges (see Ref. 5).
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STUDIES OF NONLINEAR STRESS-WAVE PROPAGATION

The foregoing discussion should, 1 think, have made clear the importance
of studies of the propagation of nonlinear stress waves and of studies of the mech-~
anical behaviour of metals in situations which are comparable in their time-scale
with that of hypervelocity impact. It is appropriate therefore now to mention
briefly some recent work of this kind that has been done at A. R. D. E. This work
is of course of general interest in the mechanics of solids.

First, Kolsky and Douch (9) have made certain experimental studies of
plastic wave propagation in specimens of pure copper, pure aluminium, and an
aluminium alloy. They employed modified Hopkinson pressure-bar techniques,
and the experimental data obtained we . used to construct dynamic stress-strain
curves, which were then used to test the -alidity of the rate-of-strain independent
theox"y of longitudinal plastic wave propagation due to G. I. Taylor, Th. von Karman,
and H. A. Rahmatulin (see Ref. 5). Second, Tupper (10) has made a theoretical
study of the propagation of p.«ae stress waves through a steel plate, of finite thick-
ness but otherwise of unlimited extant, following the detonation of a uniform slab
of high explosive placed in intimate contact with the plate. His study involved
consideration of the nonlinear compressibility of the plate material under high
pressures, and attention was given to the reflection of stress waves at the rear
face of the plate.

Both the above studies are too detailed, in respect of either experimental
or theoretical considerations, for it to be possible to give further adequate sum-
mary and discussion here. However, the important point to which I wish to draw
attention is that a careful examination of the procedures followed in these studies
shows clearly that mathematical methods are essential in attempting to elucidate
the mechanical behaviour of metals when the physical situation unavoidably in-
volves inertia effects associated with the propagation of stress waves.

CONCLUDING REMARKS

In this paper, I have attempted to give a rather brief discussion of the
place of mathematical methods in the theoretical mechanics of the hypervelocity
impact of metals. In particular, attention has been directed towards the rele-
vance of studies of nonlinear stress-wave propagation. For such studies, a
prerequisite is adequate knowledge of the nonlinear mechanical behaviour of
metals, this being incorporated into constitutive equations of sufficient realism
and generality. This is a ccntral field of work in the mechanics of solids, and
many applied mathematicians are-becoming increasingly aware of the importance
of this field, which seems likely to receive much attention in future research.

REFERENCES

1. M. J. Lighthill, ""Mathematical methods in compressible flow theory',
Comm, Pure Appl. Math. 7 (1954), 1-10.

2. Sir Geoffrey Taylor, "Rheology for mathematicians', Proceedings of the
Second International Congress on Rheology (Edited by V. G. W. Harrison),
Butterworth's Scientific Publications, London, 1954, pp. 1-6.

109




10.

MATHEMATICAL METHODS IN HYPERVELOCITY IMPACT

M. A. Biot, "Applied mathematics - an art and a science", J. Aero. Sci.
23 (1956), 406-410, 489

H. G. Hopkins and H. Kolsky, "Mechanics of hypervelocity impact of solids'’,
Proceedings of the Fourth Symposium on Hypervelocity Impact (Edited by A, S.
Galbraith), Air Proving Ground Center, Eglin Air Force Base, Fla,, 1960,
paper no. 12,

H. G. Hopkins, "Dynamic anelastic deformations of metals', Appl. Mech, Rev.
14 (1961), 417-431.

W. Prager, "Introduction to Mechanics of Continua", Ginn and Co., ‘Boston,
1961.

R. Hill, "The Mathematical Theory of Plasticity', Clarendon Press, Oxford,
1950,

H. G. Hopkins, "Dynamic expansion of sphericz! cavities in metals', Progress
in Solid Mechanics - Vol. I (Edited by I. N. Sneddon and R, Hill), North-
Holland Pub, Co., Anisterdam, 1960, ch. III.

H. Kolsky and L. S. Douch, "Experimental studies in plastic wave propagation'',
unpublished War Office Report, 1961,

S. J. Tupper, ''On the propagation of plane stress waves generated in a thick
steel plate by a surface explosion', unpublished War Oiffice Report, 1961,
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1. INTRODUCTION

Spatial Distribution of Cratering Effects

This paper offers some theoretical models of hypervelocity impact in order
to investigate the penetration of metal projectiles into metal targets, The phenom-
ena, and hence their analysis, are complex because different effects predominate
in different parts of the crater. Thus, in a zone ahead of the projectile, the tar-
get material is under ultra-compression. This zone is bounded in front by an
advancing shock wave and gradually shades off at the sides into another zone where
the material, in some state of fluidity, deforms sideways along the crater. Ulti-
mately, as the angle of deviation from the direction of impact is increased, the
material has undergone permanent plastic deformation and hills up to form the lip
of the crater. The zones described are depicted in Figure 1. The transition
between the two zones is not meant to be exact in such a schematic picture.

As a first approximation, the impact crater will be considered to be hemi-
spherical, as shown in Figure 2, and a simple model of spherical flow will be
adopted. The direct aim of any penetration theory is, of course, to predict the
shape and size of the crater. The spherical flow model does this by analyzing the
state of the material in Zone I of Figure 1, (taking § = 90 degrees) and leads to
a value for the diameter and volume of the crater comparable with experimental
data.

The flow effects in Zone II (Fig. 1) will be investigated by introducing a
second model of axisymmetrically spherical flow. This naturally involves cne
more space variable in the basic equations, which means more mathematical
complexity than that associated with the first model. However, we are in a position
to be ztle to reach results which kinematically account for the formation of the
crater lip.

2. SPHERICAL SHOCK WAVES

Distribution of Effects in Time

Just as the study of the problem is conveniently divided into zones, we can
divide up the sequence of events in the cratering process for detailed analysis.
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List of Notations

r radius (r = a when t = 0) p pressure

8 co-latitude ( 8'= b whent = 0) Y adiabatic index

t time @ progressing wave exponent
u particle velocity B ditto

0  acoustic velocity § ditto

c¢  shock wave velocity € ditto

m mass flow rate £ progressing wave parameter
M momentum U progressing wave function
M#* impact Mach number D ditto

E energy ’ P ditto

d=d
i. Initial State - here the projectile at impact becomes imbedded just

inside the target material and generates a region of excessively compressed
material. The probiem is to determine the nature of this zone.

ii, Expansion State - the compressed material, which might be in some
state of fluidity and act in a manner similar to an explosion, expands further into
the target, generating shock fronts and forming the crater.

iii. Final Phase - the shock wave decays, permanent deformation at the
crater stops, secondary deformations appear at the back or other parts of the
target. The main problem is to determine when this phase begins.

Of course it must be understood that these phases are not distinct events,
nor may it be even possible in a given case to make the separation.

3. THE INITIAL STAGE

Fluid Impact

We lack direct data on the initial stage of crater formation. Headington
and Jaunzemis (3) have made an analytical investigation of this‘stage based on
the conservation laws and the known equations of state of the materials. Such a
detailed study provides the initial and boundary conditions required for the ex-
pansion stage. However, we shall here make simpler assumptions about the
initial stage during which the projectile becomes imbedded in the target material:

a) The impact is so rapid that the time required for the compression
pressure to reach its maximum is negligible. This means that the problem may
be treated essentially as one of an explosion at the impact center.

b) The shock-compression process is adiabatic,

c) The pre-impact shape of the projectile is unimportant for the case of
semi-infinite target here.

These assumptions lead to the so-cailed "ballistic" model of fluid impact.
See Charters and Summers 3:4), Here it is supposed that immediately on impact
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the projectile and some of the target material are converted to a fluid shell under
ultra-pressure which propagates radially. In this analysis, however, we shall
remove the assumption that the fluid shell be uniform -- part of our effort will be

to determine the pressure profile and velocity distribution in it as functions cf -
radius,

4. THEORY OF PROGRESSING SHOCK WAVES

We have previously, in Figure 1, considered the different angular zones
in cratering. If we restrict the problem to spherically symmetric forces, and
hence to radial velocities, we simplify it to a point capable of theoretical analysis.
However, since edge effects are being neglected the results will be limited to
some angle less than 90 degrees from the normal.

Our model is related to that of a spherical blast wave in a gas and may

make the following assumptions about the medium during propagation of the shock
wave:

a) Changes of state arc adiabatic, or entropy is constant along a particle
path.

b) The medium is a compressible fluid, with shear effects neglected.

c) The entropic equation of state is such that the pressure is a function
of the density alone, i.e.,, the medium is also barotropic.

d) We also have two altcrnative possibilities, namnely, constant total
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